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Abstract
This thesis is concerned with the electrical properties of die disordered amorphous material, 
amorphous cai'bon and carbon nitride films. At first, hydrogenated amorphous carbon was deposited 
using rf plasma enhanced chemical vapour deposition with methane as a precursor. Changing the 
deposition parameter, such as the input power results in the negative self bias modification and thus 
changes in the properties of the deposited film. The hydrogen condition in the deposition chamber is 
important for the growth of these films.
With the demonstration of an achieve electronic device, a resonance tunnel diode, was 
reported using pulsed laser deposition; pulsed laser deposited amorphous carbon and carbon nitride 
thin films were studied. To understand the electrical properties of these films, a wide range of 
measurements were performed. The suiface morphology was examined using atomic force 
microscopy and scanning tunnelling microscopy. The microstructure was investigated using electron 
energy loss spectroscopy giving data on the sp^ fraction, density, nitrogen content and Raman 
spectroscopy showed the degree of sp^ clustering. The band structuie was investigated using electron 
energy loss spectroscopy, scanning tunnelling spectroscopy and ultraviolet photoelectron 
spectroscopy, giving information on the density of empty conduction band states, close to the Fermi 
level and the occupied valence band states. The joint density of states was also measured by 
ultraviolet-visible-infi'ared optical transmittance, spectroscopic ellipsometry and Photothermal 
deflection spectroscopy. Electrical characterisations were carried out using both sandwich and 
coplanai' structures. Pulsed laser annealing of amorphous carbon films was also studied, and the 
change on the surface morphology, microstructural and electrical properties studied.
The conduction mechanism in amorphous carbon films at high electric fields was found to be 
based on classical Poole-Frenkel conduction, and the dielectric constants estimated from the model 
were found to be consistent with optical measurements. The neutral trapping centres were postulated
to be localised sp^ sites below the conduction band according the analysis of the total band structure. 
Low field conduction in amorphous carbon films were thought to be controlled by band tail hopping 
tlnough localised sp^ sites. Laser annealing shows the increase of the number of the sp^ sites which 
increase the conductivity of the film. However, the sp^ clustering does not necessarily increase the 
conductivity of the film. The optical band gap in high stress amorphous carbon films can be smaller 
than the other reports, as a bandtail exists in the bandgap which contributes to the hopping and Poole- 
Frenkel conduction process.
The influence to the nitrogen atoms incorporated to laser deposited amorphous carbon nitride 
films was also studied. It was found that the nitrogen gas background pressure in the deposition 
chamber strongly affects the properties of the films. It was demonstrated that a higher nitrogen 
pressure does not always give rise to higher nitrogen content in the films. Higher nitrogen pressure 
reduces the velocity of the incident carbon species ablated by the laser, and less dense (less stress) 
films were deposited. Consequently, the conductivity of the film was reduced. However, the 
conduction mechanism appears still to be similar to that of amorphous carbon. The analysis of the 
change in the band structure due to the incorporation of the nitrogen atoms supports the analysis.
Thus, the entire band structure of amorphous carbon was linked to the electrical conduction 
mechanism at both high and low electric fields, including the effect of nitrogen atom incorporation, 
and pulsed laser annealing.
In this thesis we report the highest field effect mobility of a-C and a-CNx films ever reported 
in the literature of 0.01-0.02 cm^/Ys. This mobility is obtained due to the very high electric field that 
can be applied to our devices.
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Introduction
Chapter 1
Introduction
1.1 Amorphous and Crystalline materials
Materials can be classified as amorphous or ciystalline materials, based on their sti'ucture. Amorphous 
is originally a Greek word “a-morphe” which means “having no definite form”. The term “amorphous” is used 
as “non-crystalline” in this study.
The difference between amorphous and ciystalline materials is whether long range order exists or not. 
The periodic structure up to several atomic distances is the short range order which is found in both crystalline 
and amorphous materials. The macroscopic scale periodic structure is the long range order, which does not 
appear in amorphous materials and only attributed to ciystalline materials.
Therefore, the electrical and the optical properties are different between amorphous and crystalline 
materials because of the structural differences. Ciystalline materials show better electronic properties than 
amorphous materials due to the presence of the long range order. However, such amorphous materials can still 
show an electi'onic bandgap due to the presence of short range order, and the properties of amorphous 
materials can be tuned for particular requirements in some applications.
There are already a number of applications using amorphous materials, such as amorphous silicon (a- 
Si) solar cells and thin film transistors (TFTs) for Liquid Crystal Displays (LCDs). In these cases, 
hydrogenated amorphous Silicon (a-Si:H) is chosen as the electronic materials of choice due to its performance 
being sufficient for these large area applications, and also the costs being lower than for ciystalline materials.‘
1.2 Amorphous carbon as an electronic material
Carbon is a unique material with four valence electrons forming three different types of hybridisation 
known sp ,^ sp^  and sp^  bonding, which forms a variety of structures. For instance, a structure consisting of 
100% sp^  bonded carbon is diamond, 100% sp  ^bonded carbon is graphite and hydrocarbons tend to bond with 
a majority of C-H bonding in sp^  states. Typical properties of diamond and graphite are shown in Table 1.1.
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Table 1.1: Typical properties o f diamond and graphite/
Properties diamond graphite
Crystal structure FCC Hexagonal
Fraction, hybridisation and H content (at. %) 100% sp^ 100% sp^
Density (g/cm^) 3.515 2.267
Hydrogen content (at.%) 0.1-1 -
Chemical stability Inert Inert
Hardness (absolute) [GPa] 79-102 Soft
Thermal conductivity [W/mK] 2000-2500 
(at 25°C)
4-c 1.0-6.0
II c 3000 (within graphine sheet)
Refractive index 2.42
-Lc 2.15
lie 1.8
Dielectric constant 5.7 c 2.6
Optical gap [eV] 5.45 -0.04
Resistivity [Dm] > 10’^
4-c 3.28x10'^
lie -10'^
Electric breakdown field [V/m] 10’
Mobility [crnV ’S*']
2200 (electrons) 
1600 (hole)
_L^  100 (electrons) 
90 (holes)
II c 20,000 (electrons) 
15,000 (holes)
100% sp® (Diamond)
100% sp2 (Graphite) C2 H4  100% H (Hg)
Figure 1.1: The ternary phase diagram o f carbon-hydrogen alloy. ^
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Carbon based materials show a wide range of properties depending on the hybridisation type and the 
hydrogen content as carbon forms hydrocarbons. This implies that amorphous caiton (a-C) which include 
hydrogenated amorphous Carbon (a-C:H) can be tuned to change their properties by changing the hybridised 
bonding ratio and the atomic ratio of carbon to hydrogen.
a-C can be classified using sub-categories, such as tetrahedral a-C (TAC), hydrogenated TAC 
(TAC:H), diamond like carbon (DLC), hydrogenated DLC (DLC:H), graphite like a-C (GAC) and polymeric 
a-C (PAC). These sub-categories are shown in the ternary phase diagram of caibon-hydrogen alloy, in addition 
to diamond and graphite in Figure 1.1.
Tablel.2: Typical properties o f a-C films.
Category Hardness [GPa] sp= [%] Optical bandgap [eV] Density [gcm"^ ] H [at.%1
DLC 20-40 40-60 0.8-4.0 1.8-3.0 20-40
TAC 40-65 65-90 1.6-2.6 2.5-3.5 0-30
PAC soft 60-80 2.0-5.0 0.6-1.5 40-65
GAC soft 0-30 0.0-0.6 1.2-2.0 0-40
Diamond 79-102 100 5.4 3.5 <1
Graphite soft 0 0 2.3 0
Tablel.3: The mobility o f amorphous and ciystalline materials.^'^'^
Category Technique
Mobility [cmW’^ S'
Amorphous
a-C:H
Photoconductivity
(Drift) 10'^-10“’
EL 10"^ -10'^
TAC MOS-FET (Hall) 10' -^10'^
a-C:N MOS-FET (Hall) 10’^
a-Si:H Electron (Drift) 10‘*Hole (Drift) lO' -^lO'^
Ciystalline
Ge - lO^ -lO'^
Si - 10^ -10^
GaAs - 10^ -10^
Diamond - 10^ -10^
Graphite c lO^ -lO'^
The sp^  fraction and hydrogen content define the properties of the a-C films, and typical properties of 
these sub-categories are shown in Table 1.2. a-C films can be deposited with different techniques. GAC is
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deposited using evaporation. DLC and DLC:H are deposited by ion beam deposition (IBD/, plasma enhanced 
chemical vapour deposition (PECVD)^, pulsed laser deposition (PLD) ,^ sputtering and filtered cathodic 
vacuum arc (FCVA)’ deposition. TAC and TAC:H are deposited using IBD, FCVA, PLD and the plasma beam 
source (PBS) with high energy compared with DLC and DLC:H. PAC is deposited using low energy PECVD.
One of the important factors of any electronic material is its carrier mobility. The reported mobility of 
a-C is lower than that of a-Si:H so far. The reported values of a-C and standard electronic materials are shown 
in Table 1.3.
Diamond which shows high mobility and graphite which is the planar allotrope of carbon through sp^  
hybridisation has high mobility in the graphine sheet direction. Thus, a-C including tetrahedral a-C (TAC), 
diamond like a-C (DLC) and graphite like a-C (GAC) is thought to have a potential as a good candidate for 
next generation electionic devices.
1.3 Aim of the project
a-C is an interesting material as its smoothnessand the potential electronic application.^  ^ a-CNx is also 
interesting material since it was predicted as an ultra-hard materials comparable to diamond.^^’^ ^
The aim of this study is to investigate the electrical properties of a-C, especially linking the conduction 
mechanism and the band structure. Any conduction mechanism is the result of the band structure and its 
modification. So, once we can like whole picture of the band structure and the electrical conduction 
mechanism, the improvement should be achieved.
The two modification methods were performed to a-C, one is nitrogen atoms incorporation and the 
other is pulsed laser irradiation. The modification of the properties of the film is important for the application 
point of view, and it is also interesting the physics point of view. Especially, a-C is more complexes than the 
other non-crystalline materials as carbon can form three types of hybridised atoms such as sp, sp^  and sp^ .
1.4 Outline of the Thesis
In Chapter 2, a brief outline of the theory of non-crystalline materials and the general conduction 
mechanisms at low and high fields are given. In Chapter 3, the outline of the properties of a-C and a-CNx are 
summarised. A wide range of the measurements is introduced with the properties which can be obtained with 
the measurement. The experimental techniques are shown in Chapter 4. Chapter 5 is about PECVD a-C 
properties and the growth mechanism. The hydrogen seems to be important to the growth mechanism and the 
properties of the films. Chapter 6 is concerned with the microstructural, optical and electrical properties of 
PLD a-C as well as the PLA, which gives deeper understanding of the conduction mechanism and the
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improvement of the conductivity of the films. The niti'ogen back pressure inside the chamber which pressure 
range between 20-80 niTorr is discussed in Chapter 7. The modification to a-C films by nitrogen incorporation 
and a-C/a-CNx TFT are discussed in Chapter 8. Chapter 9 concludes the work of this thesis and suggests future 
work on these materials.
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Chapter 2 
Literature review of amorphous materials
2.1 Amorphous materials
Amoiphous materials ai e also called non-ciystalline materials and the general properties of amorphous 
material aie discussed in several books^’^  and briefly summarised in this chapter.
2.1.1 The structure of amorphous materials
The structural difference between amorphous materials and ciystalline materials can be described 
using the normalised pair distribution function, which is the normalised probability of finding atoms at a 
distance R from another atom. Figure 2.1 graphically illustiates the structural difference of amorphous and 
crystalline materials. Here, Rav is the average distance between two atoms and R/Rav is the relative separation 
of two atoms.
LLQÛ.
LL
ÛQ.<Z
Relative separation RIRav Reiative separation RIRav
Figure 2.1: The NAPDF (normalised atomic pair distribution function) for (a) amorphous materials and (b) ciystalline
material ^
Ciystalline material has a clear periodical stiucture fi*om atomic to macroscopic scale, called short and 
long range order. Therefore the position of one atom relative to another atom is completely predictable, due to
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the periodicity of the lattice structure. Consequently, the band structure in energy-momentum space can be 
derived by Bloch’s theorem using this periodicity.
Amorphous materials have a random atomic network, which show short range order and no long range 
order. Hence, only the position of a few atoms from a central point is predictable, and the position of other 
atoms placed more than a few atomic lengths away from this point is unpredictable. Bonds in amorphous 
materials are normally covalent, similar to many crystalline materials. The disordered structure in amorphous 
materials modifies their electronic properties compared with crystalline materials. The disordered bonds create 
a broadened band tail, localisation and scattering. The structural defects induce the electronic states in the band
gap-
Coordination
Figure2.2: A continuous random network.
Amorphous materials can easily incorporate different elements in the random network in comparison 
with crystalline materials. In a crystalline lattice, impurity atoms need to chemically bond in order to be 
electronically active. Here, the coordination number gives the number of neighbouring atoms bonded with an 
atom, and a schematic diagram illustrating an amorphous random network consisting of three types of atoms is 
shown in Figure 2.1. In the figure, the coordination numbers are one, three and four.
Defects in amorphous materials differ from the defects in crystalline materials such as vacancies and 
interstitials. However, amorphous materials can incorporate atoms with different coordination. Therefore, only 
coordination defects exist in amorphous materials when an atom has too many or too few bonds as shown in 
Figure 2.3.
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Amorphous materials allow atoms to take their preferred coordination. Therefore, the impurity atoms 
behave differently in amorphous materials. The impurity atoms are allowed to occupy as a part of host network, 
any positions with preferred coordination, making substitutional doping essentially impossible.
(a) Vacancy
- 6— 6 - \ < l ) — 6 -
~ 0 — 0 —  — 0 ~
(b)
Coordination defectInterstitial
Figure 2.3: The schematic diagram o f defects in (a) crystalline materials and (b) amorphous materials.
2.1.2Chemical bonding theory
Chemical bonding theory can explain the electronic band structure in amorphous materials, even with 
the absence of a periodical structure which Bloch’s theorem uses.
This is possible since amorphous materials possess short range order from covalent bonding with well 
defined geometries. The band structure showing molecular orbital, hybridised orbital and the band structure for 
amorphous silicon and selenium are illustrated in Figure 2.4. In the figure, Section (1) shows tlie electronic 
state of the outermost level of (a) silicon and (b) selenium. Section (2) shows the hybridised states of the 
outermost level. Section (3) shows the bonding and the anti-bonding states. Section (4) shows the final state 
indicating the band airangement of die material. Silicon is an example of the material forming the hybridised 
orbital, and selenium is an example of the material forming a lone pair.
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(a) Anti-bonding Conduction band
 '
4k', Bonding Valence band
(1 ) (2) (3)
(b)
Lone pair
Anti-bonding
(4)
Conduction band
Lone pair 
^  band
Valence band
(1) I (2) 1 (3 ) 1 (4 )
Figure 2.4: The band diagram o f (a) silicon and (b) selenium, showing molecular orbital and hybridised orbital The
circles show empty state at the level.
2.1.3Band diagram of amorphous materials
A band gap, the separation between valence band and conduction band, is one of the fundamental 
properties of semiconductors or insulators as shown in Figure 2.5 (a). The band gap is evaluated as a 
consequence of the periodicity ofhe crystalline lattice using the free electron theory. Chemical bonding theory 
explains a band structure using the split of the energy level such as bonding, lone pair and anti-bonding state of 
the covalent bond. It is strongly affected by short range order in both amorphous and crystalline materials.
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U) 05
O U JOLU
LL
L U - -
LL
DOS [E]
Figure 2.5: The schematic diagram o f the band structure o f (a) crystalline and (b) amorphous materials.
Three features of the structure in amorphous materials, short range order, long range disorder and the 
coordination defects, define the band structure of amorphous materials, and a typical electronic band diagram 
is shown in Figure 2.5 (b). As a result of short range order, amorphous materials show a similar electronic 
band structure to crystalline materials. However, long range disorder broadens the band tail into a forbidden 
band which affects the electrical conduction. The coordination defects create electronic states deep in the band 
gap, which affect the electronic properties by trapping and recombination.
2.1.4 Localised states and mobility edge
If the disorder potential is increased in a material, electrons are scattered strongly at first, then 
electrons are localised. This localisation is a confinement of the wave function at a small volume of material 
rather than being extended. This concept can be explained using the Anderson model which is illustrated in 
Figure 2.6. Classically the crystal lattice is described as arrays of potential wells with identical depth. The 
electron band appears due to the interaction of atoms with a bandwidth B. The amorphous network is described 
as on array of random potential wells with an average amplitude Vq. It shows a broadened band, wider than for 
crystalline materials. When Vq/B exceeds a certain value, there is no probability that an electron can diffuse 
away from a site. In such a case, there is no electrical conduction at zero temperature as all electron states are 
localised.
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V B
D O S (E )
V
—
V,0
I D O S (E )
Figure 2.6: The schematic diagram o f the Anderson model for (a) crystalline materials and (b) amorphous
materials. Here, Vq is the disorder potential.
E Extended state.
Mobility edge
Localized state
Band tail
DOS(E)
Figure 2.7: The schematic diagram o f the band structure close to the mobility edge in amorphous materials.
In amorphous materials, the average amplitude of the random potential is not big enough to localise all 
electrons. However, localised states appear at the band edge and electrons are strongly scattered at the 
extended states. The localised and extended states are separated by mobility edge at Ec, which is defined such 
that electrons above this level can be mobile at zero temperature. The schematic diagram of the band structure 
close to the mobility edge in amoiphous materials is illustrated in Figure 2.7.
11
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2.2 The electrical conduction at low field
Temperature dependence of d.c. conductivity at low electric field (<10  ^ V/cm) is divided into four 
parts as shown in figure 2.8.
>
t )3T5Coo
c
1/T
Figure 2.8: Schematic diagram o f conductivity with temperature expectedfor amorphous materials.
Extended state conduction is the dominant process in region (a). The caiTiers are excited beyond the 
mobility edges into extended (non-localised) state at Ec or Ey.
{ E c - E , y^  =  0*n,inexp kT [2 .1]
where, -  /Li^^,eN{Ef)kT, Ep is the Fermi energy, is the extended state mobility, is the
density of state at the conduction band edge, e is the charge of an election, k is the Boltzmann constant and 
T  is the absolute temperature.
Band tail conduction is the dominant process in region (b). The carriers exit into localised states at the 
band edge and hopping at a band tail E^ .
O' = cTj exp kT [2.2]
where, is the hopping activation energy and E ^  is the band-tail energy o f conduction. cTj is considerably 
lower than as the density o f states and mobility at E ^  are both lower than the values a tE ^.
12
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Hopping conduction at the Fenni energy is the dominant process in region (c). The carries are excited 
and hopping between localised sites at around Ep.
cr = 0-2 exp 3 .kT [2.3]
Where, Wj is the hopping activation energy.
Variable range hopping (VRH) is the dominant process at lower temperature, in region (d). Electrons 
can tunnel through into and between more distant sites to find a level within around kT  of its energy, when
the density of state near the Fermi level is low. The exponential term of the conductivity takes on a T~^'^ 
dependence.
cr = 0-3 exp
Where,
(j, = N jE p)akT
. 1 / 4
^  = 2.1 a '
[2.4]
[2.5]
[2.6]
where, Vq is an attempt frequency of hopping, N{Ep) is the density state at the Fermi level and M a  
is the localisation length.
2.3 High electric field conduction
When thin film conduction is measured using a metal-semiconductor-metal (MSM) or a metal- 
semiconductor-silicon (MSS) structure, the electric field can reach the range of 10^ -10^  V/cm. In this high field 
region, the current is no longer lineai' with voltage. There are several conduction mechanisms at the high field 
region and they are described in the following sections.
2.3.1 Poole-Frenkel effect
When there are trapping centres inside dielectric materials and the conduction mechanism is bulk 
limited, this effect is obsei'ved^’'*. The potential of these trapping centres can be described as a Coulombic 
potential barrier as shown in Figure 2.9.
13
Literature review of amorphous materials
E(>0)
- e E x
CB
4;r£,£nXA C /
Figure 2.9: Schematic diagram o f Poole-Frenkel effect. The Coulombic centre is lowered by the electric field.
When an external electric field E (> 0) is applied towards the negative x direction, the potential 
barrier of the right hand side is lowered by the field, and the lowered potential is described by the following 
equation.
I—V [2.7]
Here, ffpp is the Poole-Frenkel constant, £  ^ is the dielectric constant, £q is the electric permittivity in
free space and e is the charge of an electron.
Hence, a carrier excited from a neutral trapping centre can contribute to the conduction, and the 
resulting J-E characteristic can be described as follows;
J  = eNfi * E exp 
Where,
kT [2.8]
PpF ~ n£.£, [2.9]
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Here, 0  is the trap depth, E  is the electric field across the film, N  is the density of the trapping 
centres and // * is the effective mobility. Equation [2.8] can be rewritten as the following equation;
J  = eNjj, * E exp kT [2 .10]
Here, y is the coefficient which changes from one to two depending on the number of defects and the degree 
of compensation^’^ . When y =-1 , this equation is identical to the classical Poole-Frenkel equation. The 
dielectric constant of the film can be determined from the Poole-Frenkel constant given by equation [2.3]. The 
activation energy {E^)  for the conduction process at a given field can be obtained from equation [2.4], by 
measuring current density over a range of temperatures. The only unknown is then the product of trap 
concentration and mobility ( N/J, * ).
2.3.2 The Schottky effect
The Schottky effect is one of the main processes behind contact limited conduction^’’. This effect 
occurs when the barrier found at a metal-semiconductor contact is lowered by the applied electric field as 
shown in Figure 2.10.
When the electric field is applied, the ideal barrier shape becomes triangular and the barrier height 
does not change. However, when image forces are considered, the barrier is reduced as the electrons are 
attracted to the surface of the metal.
When an electron in the semiconductor is placed at a distance x from the metal, a positive charge is 
induced on the metal surface. It is equivalent to an electron and a positive charge at a distance 2x . 
Consequently, when an uniform electric field is applied the potential ^(%) at distance x is modified as 
follows;
(j){x) = ----------------eEx [2 .11]
16;rfo r^.v
The amount by which the barrier is lowered (AC/) can be derived.
2
AU =    eEx [2 .12]\6 kSqS^
Consequently, the current density J  is given by following equation.
J  = A * T  exp kT [2.13]
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Where,
Ps = [2.14]
Here,A* is the Richardson’s constant, T is the absolute temperature, k is Boltzmann constant, Ois 
the height of the barrier, is the relative dielectric constant of the semiconductor and is the permittivity of 
vacuum.
S e m ic o n d u c to rM etal
C o n d u c tio n  b a n d
W ithou t field
Idea l b a rr ie rAu
B arrie r w ith im a g e  fo rc e
W ith field
Figure 2.10: Schematic diagram o f the Schottky effect The diagram shows the variation o f a barrier at a heterojuncion 
depending on the electric field with an ideal case and with image force.
Some results can be attributed to the Schottky effect as the constant derived from the In J  versus
data gives a reasonable value for the dielectric constant. However, the same results can also be attributed 
to Poole-Frenkel effect. The presence of defects and the degree of compensation gives the same value for the 
dielectric constant^. When the current is contact limited, the transport mechanism is likely to be due to the 
Schottky effect. Conversely, if the contact are ohmic in nature, the bulk conduction can be attributed the Poole-
Frenkel conduction if it gives a straight line fit to In J versus V Ë .
16
Literature review of amorphous materials
2.3.3 Tunnelling
The electrons can tunnel thi'ough the barrier at higher electric field. In this region, thermionic tunnelling^ 
or Fowler-Nordheim^ tunnelling are possible. Schematic diagram of tunnelling is shown in Figure 2.11.
ideal barrier
Barrier with im age force
Thermally a ss is ted  tunnelling
\  Fowler-Nordeim tunnelling
Metal
X
Figure 2.11: Schematic diagram o f thermally assisted and Fowler-Nodeim tunnelling o f electrons at a metal vacuum
barrier.
For small caiTier effective mass, the total current density /  increases with the electric field and
can be approximated to following expression. Then the effective mass term can be eliminated.
exp ( 0  + a E J  kT [2.15]
a  = {kT)ô\nJIÔE^ [2.16]
Where, is the Richardson’s constant, a  is the tunnelling constant, k  is Boltzmann constant, T is the 
absolute temperature and 0  is the height of the barrier. In general, this type of tunnelling occurs for electric 
fields over 10*" V/cm,
Fowler-Nordheim tunnelling occurs close to the Fermi level Ep being described by the following equation.
J  =  — exp0 PE [2.17]
Where, /  is the current density at the electric field E , a and b are constants, 0  is the height of the barrier 
and is a constant depending on the localised field enhancement.
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2.3.4 Space-charge limited current
When the contacts are ohmic and the insulator has a low density of trapping defects, this conduction 
mechanism can be observed. This can applied to amorphous materials using MSM and MSS structures^”. The 
ohmic contacts aie at the same potential and the accumulation region is overlapping. As a result, the bottom of 
the conduction band is curved throughout the film and the space charge extends in the whole bulk. The highest 
difference between the point and the lowest point of the conduction band is the work function
of the metal and is the election affinity of the insulating film), and the space charge dominates the 
conduction process. Therefore, the conduction mechanism is governed by the extrinsic space charge rather 
than the bulk properties of the materials. The current density J  in a trap free material is given as follows
[2 .18]
where, // is the carrier mobility and d  is the thickness of the film, s,. is the relative dielectiic 
constant of the semiconductor, Sq is permittivity in vacuum and V is the applied voltage.
When the material contains shallow traps, a large numbers of the space charge is immobilised, and the 
current becomes lower. The current density /  versus voltage V relationship is now given by the modified 
equation;.
[2.19]
Where, the ratio ( © ) of fi'ee to trapped charge is as follows.
© = —-expN, [2.20]kT^
and N, ai e the density of free carries in the absence of traps and the density of shallow traps.
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Literature review of amorphous carbon and related materials
3.1 Amorphous carbon
The properties of amorphous carbon (a-C) have been studied widely for over 30 years. Many a-C 
systems have been investigated showing a wide range of properties.In this section, the microstructure, the 
band structure and the electrical properties of a variety of forms of a-C are reviewed. The book “Properties of 
a-C”  ^covers a wide range of the results, and typical results are reviewed along with other results.
3.1.1 Microstructure of amorphous carbon
a-C is formed from carbon atoms with a mixture of three types of hybridised orbitals, sp, sp^  and sp^ ,
the relative fi'action of the bonds depending on the growth technique and conditions. A sp^  hybridised atom
forms four o bonds with adjacent atoms in an isotropic manner with an angle 109.5° between the bonds. In sp^  
hybridisation, three of the outermost electi ons form o bonds in x-y plane, whilst the fourth electron creates a p  
orbital in the z direction and forms one n bond. In the sp configuration, there are two a bonds along the x axis 
and two iz bonds along the y-z plane. It is important to understand the ratio of hybridised orbital and their roles 
in the a-C, as the structural properties of a-C defines the other physical properties.
It is thought that a-C consists mainly of sp^  and sp^  carbon, as sp hybridisations seem to be unstable 
under ambient conditions.^ The microstructural information can be obtained using, transmission election 
microscopy (TEM), election energy loss spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS), 
Fourier transform inha-red (FTIR) spectioscopy and laser Raman spectroscopy.
3.1.2.1 EELS for the determination of the sp  ^fraction in a-C
EELS is commonly used to determine the sp^  fraction in a-C f i lm s ,a s  the peak at 285.5 eV in the 
carbon K edge spectra is attributed to tiansitions from the occupied Is to the empty tt* states. Hence, the sp^  
fraction can be evaluated fi*om the area of this peak normalised to the total number of the carbon atoms in a 
standard 100% sp  ^ bonded sample, typically g raph i te .A  change in the 1s-tc* peak reflects a change in 
bonding^ as shown in Figure 3.1. In this case, the substrate temperature changes the sp^  fi'action of the laser 
deposited films, and this is reflected to the shape of the carbon K edges.
The carbon K edges are curve fitted and the sp^  ratio (sp  ^ [%]) is evaluated using the following 
relationship.
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[3.1]
Here, is the area under the k  * peak centred at 285.5 eV, is the area indicative of the total number
of empty states (;r *+(%*), is the area under the ;r* peak in graphite, and is the area indicative
of the total number of empty state +cr * ) in graphite.
Figure 3.1 shows that the intensity of the peak attributed to the transition from the Is to the empty 
n  * increases with the substrate temperature, sp^  fraction was evaluated by subtracting the sp^  fraction from 
100 %. The sp^  fraction changes from 65 % to 20 % with increasing substrate temperature from room to 
600 °C, which is explained by temperature induced graphitization.
Is-Jt *
0 — 500 ‘'C  
" r — 600 "C
282  284 286  288  290  292  294 296
Energy Loss [eV]
Figure 3.1: The carbon K edge spectra o f EELS as a function o f deposition temperature.^
EELS can give information about the plasmon energy {Ep)  from the low loss spectra, which can be 
used for obtaining the density, p , of a-C film with the following assumption. If the number of valence 
electrons of a carbon atom is four, m * is the effective mass in amorphous carbon and m is the mass of an 
electron in free space, there is a relationship as follows.'*’*^
276.79 [3.2]
3.1.2.2 XPS for a-C
XPS is also used to characterise a-C films quantifying the percentage of different elements and 
determining the bonding. XPS is a surface analysis, therefore all information is from within a five to ten 
nanometers from the surface. Especially in a-CN% case, XPS is used to determine the N/C concentration.
RF-sputtered a-C deposited by Patsalas et al.’ was used for carbon Cls peak curve fitting and the 
results were compared with spectroscopic ellipsometer (SE), X-ray reflectivity (XRR) and auger electron
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spectroscopy (AES). The XPS Cls spectra and its cm-ve fitting is shown in Figure 3.2. A peak located in the 
range of 285.3 - 285.7 eV was attilbuted to sp^  peak, and another peak at 284.4 - 284.8 eV was atti'ibuted to sp^  
peak. The peak around 286 eV was attributed to the sp^  satellite peak due to the energy loss,  ^These thr ee peaks 
are attributed to the binding energy shift shown by S. T. Jackson and R. G. Nozzo using graphite and natural 
diamond.^
Cls
II
M
%
282 283 284 285 286 287 288 289
Binding Energy (eV)
Figure3.2: XPS C ls spectra o f a-C and its curve fitting
3.1.2.3 FT-IRfor a-C
The presence of hydrogen affects the properties of a-C. However, it is difficult to obtain information 
regarding its bonding in the case of hydrogen, since it is a light element. Fourier transform inftaied 
spectroscopy (FT-IR) is a powerful tool to investigate various forms of bonds in a-C films, especially in 
hydrogenated a-C (a-C:H) due to its ability to detect hydrogen bonds: C-H, C=H or C= H
The typical peaks observed in PECVD deposited a-C:H film resulting in carbon, hydrogen and oxygen 
components are described^’^*^ and shown in Table 3.1. There are sti'ong peaks around 3000-3300 cm'  ^ assigned 
to CHa (sp )^, CH2 (sp )^ and CHi (sp )^. The C=C aromatic stretch (sp )^ has a peak around 1500 cm"\ The peaks 
of C-H aromatic ring can be measured around 800, 1000 and 1200 cm'\ The peak at 2000 cm'* is attributed to 
a sp^  site for hydrogen free a-C deposited using FVCA*°.
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Table 3.1: The IR peaks associated with a-C and a-C:H^’^ °. 
Wave number [cm~^ ] _____________Assignment______
3420 unassinged
-3300 -C= C-H sp^
3080 CH2 (olefinic) sp^
-3010 CH (olefinic) sp^
2960 CH3 (asymm) sp^
2360 ±30 0=C =0 due to path difference
2 0 0 0 sp  ^site
1592 C=C aromatic stretch sp^
1568 C=C aromatic stretch sp^
1493 C=C aromatic stretch sp^
1430 -CH3 or>CH2
1352 amorphous carbon
1280 CH2 (out of plane) sp2
1205 C-H aromatic ring (out of plane)
1167 Microcrystalline / amorphous diamond
1064 C-H aromatic ring (out of plane)
990 -CH=CH2
780 C-H aromatic ring (out of plane)
3.1.2.4 Laser Raman analysis for a-C
Raman spectroscopy is based on using the inelastic Raman scattering phenomenon and is able to give 
information about the bonded vibrations of molecules within the material. Raman spectroscopy has been used 
to characterise the microstructure of a-C films.
Figure 3.3: The origin o f the (a) G assigned to the all sp^ sites and (b) D peak assigned to the six fo ld  aromatic rings.
Two peaks are typically observed in the Raman spectrum of a-C when a visible laser (normally 
514.5 nm) is used as the excitation light source: the peak around 1600 cm'^  is called the G peak and the other 
peak around 1350 cm"^  is called the D peak. Highly oriented pyrolytic graphite (HOPG) shows C=C stretching 
vibration mode at 1581 cm'Y° and CVD deposited diamond films show a peak at 1332.5 cm '\" However, the
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D and G peaks aie not atti'ibuted to these crystalline carbon phase in disordered system. The D and G peaks 
were attributed to tlie breathing mode of the six fold aromatic rings which is activated by disorder and all sp^  
sites as shown in Figure 3.3.
The visible Raman spectia was curve fitted using Breit-Wigner-Fano (BWF) line shape to the G peak 
and Lorentzian line shape to the D peak for TAG BWF line shape is described by the following
equation. 12
i4 -[2 (6 ,-6 5 j/r] [3.3]
Where, f  is the intensity of the peak, O) is the Raman shift, 0)q is the peak position, F is the FWHM 
of the peak and Q is the BWF coupling coefficient. The Lorentzian line shape is recovered in the limit 
of ig —> 0. G peak position is evaluated using the following equation.
F
2Q [3.4]
When a UV laser (nonnally 244 nm) was used to investigate the high sp^  fraction a-C, another peak 
typically called the T peak, was detected around 1000 cm'\ in addition to the D and G peaks as shown in 
Figure 3.4. This peak is attributed to C-C sp^  vibration mode^ ,^ and is normally in resonance with the UV 
Raman only.
'a-C:H Polymeric
II
(O§ - ta-C:Hc
600 800 1000 1200 1400 1600 1800
R àm an Shift (cm* )
Figure 3.4: Raman specU‘a o f several types o f a-C with UV laser with a wavelength o f244 nm. ta-C and ta-C:H which 
have high sp^ fractions show a Tpeak in addition to the D and G peak.
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Figure 3.5: Schematic diagi-am o f the three stage model for visible Raman. This shows the tendency o f the shift about the
G peak position and the intensity ratio 1(D)/(G)
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Figure 3.6: The trend o f T  peak position and I(T)/I(G) ratio depending on sp^ fraction.
The position of these D, G and T peaks and the intensity of these peaks 1(D), 1(G) and I(T) are used in 
a three stage model for visible and UV Raman on a-C films as explained in detail by Ferrari et Figure 
3.5 shows a schematic diagram of the three stage model for visible Raman explaining the empirical tendency 
for the ratio of the D and G, I(D)/(G) and the G peak position based on the sp^  fraction. The three stage model 
shows the shift of I(D)/I(G) and G peak position from graphite (0 % sp )^ to TAG (-85 % sp )^, going through a 
nano-ciystalline giaphite (NC-Graphite; 0 % sp )^ and a-C (up to 20 % sp )^. This disordering sequence from 
graphite to TAG involves a continuous increase in disorder of sp^  carbon.
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The sp^  fraction is correlated to the T peak position and the ratio of the G and the T peak intensity, 
I(T)/I(G) using UV Raman spectroscopy’^  for data from TAG deposited by F VGA as shown in Figure 3.6. 
Thus, semi-quantitive information about the sp^  fraction can be resolved using UV Raman.
3.1.2 Band structure of a-C
3.1.2.1 Chemical bonding of a-C
(a)
2p
2s sp:
a* an ti-bond ing / c* band
E : band gap
CT bonding
(1) (2) (3) (4)
(b)
2p
2s
g* an ti-b o n d in g / : o* band
sp2
/  7t* anti-bonding.'' •
jr band
band
n bonding
g bonding
(1) (2) (3) (4)
Figure 3.7: The band diagram o f (a) carbon sp^ and (b) sp^ explained using chemical bonding theory. (1)^(4) shows the 
energy level o f an isolated atom, an isolated hybridised atom, bonding between two hybridised atoms and the band
diagram o f the crystalline materials.
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The band structure of a-C can be explained using the chemical bonding theory. Figure 3.7 
shows (a) the sp  ^ carbon, and, (b) sp^ carbon, respectively. Region (1) shows the energy levels of an 
isolated carbon atom, region (2) shows the energy level of a isolated hybridised carbon, region (3) 
shows the bonding and the anti-bonding states between two hybridised carbons and region (4) shows 
the band structure of (a) diamond (100 %) and (b) graphite (100 %), respectively.a-C consists of sp^  
and sp^  hybridised carbon, therefore the band structure of a-C is thought be a mixture of these bonds as shown 
in Figure 3.8. There are defects in the band gap due to dangling bonds and the Fermi energy stays slightly 
lower than the centre of the gap as there are accepter-like defects.’^
E
a* band 
71* band
Defect 
n band
a band
♦ E,
DOS
Figure 3.8: Schematic diagram o f the band structure o f a-C. 2.14
The band structure of a-C consists of two types of bonds (a and % bond). The gap between o-a* band 
is wider than the gap between n-Ti* bands. According to the cluster model, a-C consists of a sp^  matrix and 
disordered sp^  clusters, therefore K&n* bands are localised and a & a* bands are delocalised The tc-ti*
band gap corresponds to the optical bandgap measurement with appropriate photon energy as discussed within 
the UV-VIS section later.
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3.1.2.2 UPS for a-C
Ultraviolet photoemission spectroscopy (UPS) can provide information about the valence band. Figure 
3.9 shows the valence band of the a-C deposited by ion beam assisted deposition (IBAD) The shoulder 
around 0 - 4 eV was attributed to the k band and the other peak around 8 eV was attributed to a bonds.
&II
S  15
800 eV
V
10 6 Binding e n e f^ (e V )
Figure 3.9: UPS valence spectra o f a-C. IS
3.1.2.3 EELS spectra for monitoring of the conduction bands and JDOS
The EELS K edge of a-C is due to the transition from Is to the empty conduction band Therefore, 
the K edge can be tieated as the convoluted shape of the conduction band. Figure 3.10 shows the change of K 
edge shape for a-C films due to the post tieated Xe ion beam damage induced graphitisation. The micro 
structure affects the shape of the conduction band.
“ carbon
1x 10 52% sp
§ 54% sp 
69% sp' 
73% sp’
■S« IxlO
I 2x 10
a
280 300 340320
Energy Loss (eV]
Figure 3.10: The effect for the EELS carbon K edge depending on the ion radiation damage o f the film  t  Xe ions 
radiation induces graphitisation resulting the 7t^  peak increases.
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The joint density of states (JDOS) can be evaluated from the EELS low loss spectrum/^’^ ° and is 
attributed to the electron transition from the valence band to the conduction band. Therefore, the change of the 
band structure affects the JDOS shape and clear evidence was observed when nitrogen was doped into 
sputtered a-C^\ The JDOS can be evaluated using the following equation.
[3.5]
Here, Sj is the imaginary part of the dielectric constant extracted using the Kramers-Kronig 
transformation with low loss spectrum and E is the energy of the electron JDOS is the transition from the 
occupied valence band to the empty conduction band, thus the change of these bands is related to the shape of 
JDOS.
JDOS (x: s^E
3,i,2.4 STM for a-C
Scanning tunnelling microscopy (STM) and scanning tunnelling spectroscopy (STS) have also been 
used to investigate a-C The a-C possesses a flat surface and the roughness (RMS: root mean square) is less 
than 1 nm in most cases. The STS result is shown in Figure 3.11.
iIII
g
>?B
C BV B
Sample Voltage (V)
Figure 3.11: A STS result on a-C. Information o f the bandgap and the band structure can be obtained.^^
The normalised differential conductivity evaluated from STS measurement is attributed to the local 
density of state (LDOS) close to the Fermi level. The STS results were in good agreement with the optical 
bandgap and it shows that a-C is typically a slightly p-type semiconductor.^^
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3.1.2.5 Optical bandgap of a-C
Ultraviolet-visible (UV-VIS) optical transmittance is widely used to evaluate the optical band gap (Eg) 
of thin films. The bandgap is an important parameter for electi onic applications. The parameters typically used 
for defining the bandgap of amorphous materials are the energy at which the absorption coefficient is lO'* cm'* 
(E04) and Tauc gap (Eq) evaluated from the Tauc plot. An example of the optical bandgap of PECVD a-C:H 
depending the DC self bias* is shown in Figure 3.12.
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Figure 3.12: Optical bandgap depending on the negative self bias voltage. ^
The optical bandgap reflects the sp^  fraction and the hydrogen content which affect the sp^  content. 
Increasing the DC self-bias means the energy of the incident carbon species hitting the substrate is increased. 
When the hydrogen content is high, the sp^  fraction increases as hydrogen tend to bond with sp^  carbon. The 
low DC self-bias produces hydrogen rich and higher sp^  fraction a-C:H film which are called polymer-like 
amorphous carbon (PAC). The high DC self-bias creates lower hydrogen content, resulting in lower sp^  
fraction within the a-C:H film. Therefore, PAC has higher optical band gap and DEC or GAC has lower 
optical band gap.
When a-C is non-hydrogenated or has a low hydrogen content (DAC, TAC and TAC:H), the optical 
band gap is affected by the sp^  fraction of the film*^  as shown in Figure 3.13. This can also be explained by the 
cluster model*’.
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Figure 3.13: Tauc gap versus sp^ fraction. filled squares are ta-C, filled circles are ta-C:H and the others are a-C:H.
3.1.2.6 Ellipsometry of a-C
Ellipsometry is used to obtain the film thickness and refractive index of the film with a polarised 
monochromatic light source. Changing the wavelength of the light source, more information can be extracted 
using ellipsometry’ .^ Spectroscopic ellipsometry (SE) was applied to amorphous materials using a Tauc- 
Lorentz model and there is good agreement with other results.’  ^’  ^This model can be applied to amorphous 
carbon, and the properties, i.e. Tauc gap and the dielectric functions of a-C can be evaluated.”  In addition to 
the optical properties, the sp^  fraction can be evaluated using SE with Bruggeman effective medium 
approximation using ta-C deposited by FCVA.’*
3.1.3 Electrical properties of a-C
3.1.3.1 Low electric field conduction
The electrical properties of a-C film are important from a device point of view. Diamond is 100 % sp’ 
carbon and an insulator, and graphite is 100 % sp’ carbon and a semi metal. The electrical properties of a-C 
can be tuned via the deposition conditions and can take a wide range of values as it consists of disordered sp’ 
clusters in a sp’ matrix. Furthermore, the hydrogen can change the properties of the film to more polymer-like 
when the hydrogen content is high.
The relationship between optical bandgap and conductivity for a-C:H films deposited by PECVD is 
shown in Figure 3.14. The lower optical band gap means higher sp’ fractions resulting in higher conductivity.
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The higher optical band gap means higher sp’ fractions and higher hydrogen content resulting in polymer-like 
films and lower conductivity.
In non-hydrogenated a-C films, as shown Figure 3.15, the resistivity changes depending on the 
incident caiton ion energy which determines the sp’ fr action When the sp’ fraction increases, the resistivity 
increases, and this can also be explained using the cluster model within the microstructure of the a-C films. 
The band tail hopping and VRH ’* in a-C were reported as the low electiic field conduction mechanism.
o Experiment data
> 10-®
Optical band gap [eV]
Figure 3.14: The relationship between optical bandgap and conductivity o f a-C films deposited by PECVD J
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Figure 3.15: The resistivity, sp fraction, optical bandgap and refractive index o f a-C film versus incident carbon ion
29energy.
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3.1.3.2 High electric field conduction
It has been suggested that the Poole-Frenkel conduction mechanism is dominant for a-C:H films at 
high fields^ ®. SCLC was obsei*ved in a-C:H and the DOS at the Fermi level was evaluated
3.1.3.3 Defects in a-C
In addition to the microstiuctural differences, the presence of defects affects the electrical properties 
strongly. Electron spin resonance (ESR), also known as electron paramagnetic resonance (EPR) is used to 
determine spin populations. The spin density {N^)  can be evaluated with the spin population and the volume 
of the sample, and is treated as defects density in a-C films as shown in Figure 3.16.^’^ ^
X ^  V
a
521 3 4
Figure 3.16: the spin density versus optical band gap o f  a-C:H. 33
The defect density of a-C is strongly affected by the sp^  fraction and the hydrogen content, and the 
value is between 10’^ ~10^  ^cm'^^’^  ^When PECVD a-C:H films have high hydrogen content, it is sp^  rich and 
has a high optical bandgap. Such PAC films have low defect densities. When a-C:H films becomes more sp^  
rich, with a low optical bandgap, a higher defect density is observed. Non-hydrogenated a-C films have a 
relatively high defect density compared with a-C:H.’
3.1.3.4 Mobility in a-C
The mobility of amorphous carbon was reported using thin film transistors (TFT). Both, bottom and 
top gate TFT were fabricated and show preliminary field effect^ '*’^ .^ a-C films were deposited using FCVA and 
the surface layer removed as there might be a sp^  rich layer due to the sub-plantation theory Figure 3.17
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shows the output characteristics of a-C TFT, with a gap length of 20 pm. Thus, the electric field reaches up to 
2.5x10“^ V/cm in the device.
6
2 (id)
*D
0
0 20 60
drain voltage,V
Figure 3.17: The output characteristics o f top gate a-C TFT^ .^
The devices are shown to operate with the a-C behaving as p-type semiconductor and hole mobility of 
10'^-IC'* cm^V'sec'Y^ The low mobility of the a-C TFT was justified due to as the transport occurring via 
bandtail state conduction near the valence band, and the gate allows only a small shift in the “pinned” Fermi 
level downward.
3.2 Amorphous carbon nitride
Since the P-C3N4 structure was predicted as a material which might be harder than diamond,^  ^
amorphous carbon niti ide (a-CNx) has been studied as a possible super-hard large area coating material. a-CN  ^
has also been studied as nitiogen doped a-C, as nitiogen can be a dopant of diamond and carbon.^ ® In this 
project, nitrogen doped a-C is regarded as a type of a-CN%.
3.2,1 Microstructure of amorphous carbon nitride
Nitrogen incorporation has been studied as a possible method for modifying the a-C properties.
The techniques used to produce a-CNx are introducing N2 or NH3 into the deposition chamber during the 
process of PECVD^* and sputtering,exposing niti'ogen ions during F VC A deposition"*® and implanting 
nitrogen into a-C films."**
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3.2.1.1 Using EELS to determine the sp fraction of a-CNx
The EELS Carbon K edge can be also used to determine the sp  ^fraction of a-CNx films by the same 
procedure as for a-C films Figure 3.17 shows the Carbon K edge of RF magnetron sputtered a-CNx films. 
The increase of the sp^  fraction was observed with increasing nitrogen content of the films, and was explained 
by the nitrogen induced graphitisation. The nitrogen K edge can also be observed at approximately 400 eV and 
it was found that the nitrogen creates bonds preferably with sp^  carbon from the 7i*/a* peak ratio.
(b)( a )
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Figure 3.17: EELS Carbon K  edge on a-CNx f
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3.2.1.2 XPS of a-CNx
The XPS data from dual ion beam deposited a-CNx were curve fitted and the carbon Cls peak 
decomposed into four peaks by Boyd et al. as shown in Figure 3.18. A peak 284.6 eV is assigned to an a-C 
peak. Two peaks at 287.7 and 285.9 eV are assigned to sp^  and sp^  C-N bonds.
• (*p^ 0
284.6 *V AC
298.9 #V C*
2874i«V
28&3*V C-0
290 28$ 286 284 282
Binding Energy, #V
Figured. 18: XPS Cls spectra o f a~CNx and its curve fitting. 43
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XPS Nls was also deconvoluted to several peaks as shown in Figure 3.19. The bond with sp^  carbon 
was assigned to the peak at 398.8 eV, and the bond with sp^  carbon was assigned to the peak at 400.6 eV.
■ lïtaensit
>t«trahedrftl<4j>^ C>
H ts
3#L»*V
400.0 «V
402.5»
406 404 402 400 306 336
Binding Bnorgy* eV
Figure 3.19: XPS N ls spectra o f a-CN^ and its curve fitting. 43
3.2.1.3 Raman spectra on a-CNx
Figure 3.20 shows the Raman shift of (a) non-hydrogenated a-CNx films deposited using FCVA or 
FCVA + electron cyclotron wave resonance (ECWR) and (b) hydrogenated a-CNx films deposited using 
ECWR. The excitation laser wavelength was 514.5, 325 and 244 nm for (a) non-hydrogenated a-CNx films and
514.5 nm for (b) hydrogenated a-CNx films. In addition to the D and G peaks which were also observed on a-C 
films, a new peak around 2200 cm'  ^ is observed, attributed to a C = N sp mode. The intensity of this peak 
increases by reducing the wavelength of the excitation laser.^ '^
The in-plane rotation mode (Figure 3.21) was assigned to the peak at approximately 700 cm'\ This 
peak can be observed fi*om the higher niti'ogen content films."^ ^
As a-CNx films contain nitrogen which combines preferentially to sp^  caibon, some C==C bonds must 
be replaced by C=N bonds.'*^  Then the CN molecular vibrations, 1500-1600 cm'\ for chains and 1300- 
1600 cm'  ^for rings, are expected to appear in the Raman spectra. The Raman modes are also thought to be 
delocalized over carbon and nitiogen sites, therefore the main feature of Raman spectra (D and G peaks) 
remain for a-CNx.
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Figure 3.20: Raman shift o f a-CNx. W  non-hydrogenatedfilms with 514.5, 325 and 244 nm excitation laser and (b)
hydrogenated films with 514.5 nm excitation laser
Figure 3.21: A2g L mode.
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Figure 3.22: (a) The G peak position and (b) the FWHM versus nitrogen content (at. %) on non-hydrogenated a-CNx
514.5 and 244 nm excitation laser.
36
Literature review o f amorphous carbon and related materials
When the BWF function is used to fit the G peak and Lorentzian for the D peak, the G peak position 
and FWHM of the G peak changes for non-hydrogenated a-CNx fihns as shown in Figure 3.22. The G peak 
position remains same with 514.5 nm excitation laser, but it shift with 244 nm excitation laser. At the same 
time, the FWHM of the G peak slightly decreases with 514.5 nm laser and 244 nm laser shows larger decrease 
compared with 514.5 nm one with increasing the niti'ogen content.
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Figure 3.23: The variation o f D to G peak intensity ratio I(D)/I(G) versus nitrogen content (at %) on non-hydrogenated
a-CNx '^iih 514.5 and244 nm excitation lase}f°
Figure 3.23 shows the intensity ratio of D to G peak, I(D)/I(G) depending on the nitiogen content 
[at. %]. As a general tiend, the I(D)/I(G) increases with nitiogen content due to the nitrogen induced sp^  
clustering
Figure 3.24 shows the G peak position and FWHM of the G peak changes for hydrogenated a-CNx 
films. The G peak position shifts towards 1580 cm’’ with increasing nitrogen content, both with 514.5 and 
244 nm excitation laser, and the FWHM of the G peak decreases with increasing niti ogen content.
- (a). 2401620
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1600 514.5 nm244 nm —  200
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Figure 3.24: (a) The G peak position and (b) the FWHM versus nitrogen content (at. %) on hydrogenated a-CNx with
514.5 and 244 nm excitation lasetf^
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I(D)/I(G) increases with increasing the nitrogen content as shown in Figure 3.25, and it indicates sp^  
clustering.
0.8
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0.5 #0 514.5 nm
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Figure 3.25: The variation o f D to G peak intensity ratio I(D)/I(G) versus nitrogen content (at. %) on hydrogenated a-
CNx with 514.5 and 244 nm excitation laser.
3.2.1.4 FT-IR ofa-CN,
Table 3.2: IR peak associated with a-CNx.
Wave number Fcm"’] Assignment
0-1700 C-C,C-HandC-N
1350 C-C stretching modes (sp )^
1600 aromatic sp^
1700 olefinic sp^
1560- 1650 -NH2
1575 -N=N-
1490- 1580 >NH
1500, 1600 -NH3"
1640- 1690 >C=N-
1500-1785 C-C-N (aromatic and olefinic units)
1500-1785 N in the pyrridine ring,
2065-2260 terminating cyano (nitrile) group C= N
2700-3100 C-H stretching
3150-3400 N-H stretching
The bonds between carbon and nitrogen can also be detected using FT-IR. In the case of a-CNx, a list 
of peaks in the FTIR spectra is shown in Table 3.2, which was deposited using re-PECVD by Silva et al,'^ ^
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3.2.2 Band structure of amorphous carbon nitride
3.2.2.1 Chemical bonding theory for a-CN%
From chemical bonding point of view, the band structure of a-CNx can be described. 2s and 2p orbital 
creates sp^  hybridized orbital. Sp^  nitrogen forms both bonding and anti-bonding. As a results, nitrogen creates 
a lone pair band in addition to the tu, n* bands as shown in Figure 3.26.
Anti-bonding /  I
!------------------- < 71* band
2p
2s Sp2
Lone pair \ \
bonding
Lone pair band
( 1) (2 ) (3) (4)
14Figure 3.26; The band diagram o f nitrogen showing molecular orbital and hybridised orbital.
Obviously, a-CN% contains carbon atoms, therefore the band structure of a-CNx is expected as shown 
in Figure 3.27.
cj* b a n d  
71* b a n d
N lo n e  p a ir  
71 b a n d  
a  b a n d
D O S
Figure 3.27: Schematic diagram o f the band structure o f a-CN .^^^
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3.2.2.2 UPS for a-CNx
The UPS spectra of ECR-PECVD deposited a-CNx films were measured, and it shows occupied cr and 
n  bands as shown in Figure 3.28.'”
I
0.5£
0.3
0.07
0.0
12 10 8 6 4 2 0 -2 -4 -6
Binding Energy [eV]
Figure 3.28: UPS valence spectra o f a~CNx and the curve fittingf^
The new peaks associated with nitrogen, i.e. lone pair, sp^  C-N and sp^C-N, were also observed using 
UPS as shown in Figure 3.29. A peak around 4.5 eV was assigned to the nitrogen lone pair band, a peak 
around 7.1 eV was attributed to sp^  C-N band, and a peak around 9.5 eV was thought to be sp^  C-N band, after 
comparison with simulation results. The presence of a nitrogen lone pairs band is also suggested from the 
photocurrent measurement in high nitrogen content films deposited by sputtering
i
45 WVN/C %
(40.8«V)
mMO 7,7«V7.1 W
Î
Figure 3.29: UPS valence spectra o f  a-CNx 'with various nitrogen content Some new peaks appear with increasing 
nitrogen content associated with nitrogen lone pair and CN bonds.
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3.2.2.2 EELS for the JDOS of a-CNx
The presence of a new peak attributed to niti'ogen was suggested based on the joint density of states in 
a-CNx films deposited using PECVD as shown Figure 3.30/^ A peak around 5 eV was attributed to the 
transition from the occupied n bond to the empty bond, and the other peak aiound 10 eV was attiibuted to 
the transition from the occupied a bond to the empty a* bond. The JDOS of a-CNx films with a nitrogen 
content of 7 at. % seems to show a significant reduction of the gap state compared with a-C film. It could be 
atti ibuted to the widening the optical bandgap. a-CNx films with a nitrogen content of 14 at. % film showed a 
narrowing of the band edge which was explained by the new states introduced by the nitrogen site.
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Figure 3.30: JDOS o f a-CNx films obtainedfrom EELS low loss spectra. 19
3.2.23  Optical bandgap of a-CNx
The optical bandgap depends on the N/C as shown in Figure 3.31. a-C has a wide range of optical 
bandgaps depending on the sp^  fiaction. In the high sp^  a-C case, the optical gap decreases with increasing 
nitiogen content up to around N/C -0 .3 . In the low sp^  fraction film case, the optical bandgap remains almost 
constant. However, the optical bandgap increases with increasing nitrogen content over around N/C -  03.
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Figure 3.31: The optical bandgap depending on the N/C ratio f
3.2.2.4 Nitrogen doping effects in a-CNx
When nitrogen was inti'oduced into the PECVD chamber and the partial pressure increased, nitrogen 
contributes as a weak donor and pushes the Fermi level upward at first, as the nitrogen band is created. Then, it 
reduces the number of the defect states and the optical bandgap due to passivation of dangling bonds
p) 0.8
r» 0.6
4 8 12Nitrogen atomic %
Figure 3.32: Activation energy versus nitrogen content. 19
This was explained by the change in the activation energy at the thermally activated conduction region 
(higher than room temperature) as shown in Figure 3.32. The activation energy increases at first, then 
decreases with increasing nitrogen content. It means that the Fermi level increases upward and reaches the 
centre of the gap from the Fermi level of a-C, which is slightly lower (p-type due to intrinsic defects) than the 
centre of the bandgap due to the acceptor like defects. When the Fermi level reaches the centre of the gap, the
42
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activation energy reaches a maximum. Then it moves upward continuously, so the value of the activation 
energy decreases.
The optical band gap and the resistivity reduction was also reported for a-CNx deposited by F VC A and 
it was again suggested that the nitrogen acts as a weak donor and causes graphitization.‘‘°
(d )  F^rrldlne
— — C Ï  
(c)
9
(f)  pyrrole 
c
Ih
(I)
DOPING
Figure 3.33: Possible configuration o f nitrogen in a-CN^. 19
Figure 3.33 shows the possible configuration of nitiogen in a-CNx films The lines represent bonds, 
dots are unpaired electrons, and dot pairs are lone pairs. The configurations selected by the dotted line works 
as dopants.
3.2.3 Electrical properties of amorphous carbon nitride
The electiical properties of a-CNx films deposited using RF magnetron sputtering were reported In 
these films, at low electric fields, Arrhenius type thennal activated conductivity at high temperature and band 
tail hopping at low temperature was observed.
S. Kumar and C. G o d e t .deposited a-CNx films by a high density Integrated Distributed Electron 
Cyclotron Resonance (IDECR) plasma system. The dominant electiical conduction mechanism was suggested 
to be the Poole-Frenkel effect. The Schottky effect is also suggested as a conduction mechanism for soft a- 
CNx.^ °
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Chapter 4
Experimental details
4.2 Sample preparation procedure
4.2.1 Substrate cleaning
The substrates used for this study were silicon wafers from Wacker’ and Compart Technology Ltd/ 
soda lime glass substrates, quartz, mica substrates from Agar scientific,^ and Coming 1737 glass substrates/ 
The substrates, apart from mica were cleaned using the “three stage cleaning” process before the film 
deposition. In this method, the substrates were cleaned in an ultrasonic bath with three solvents in turn: acetone, 
isopropanol (IPA) and methanol. Then, rinsed with de-ionised (DI) water and blow-dried with N2. Other steps 
were added before the “three stage cleaning”, if the surface had been exposed to hard contaminants or 
photoresist. One was boiling acetone and the other was a liquid mixture consisting of hydrogen 
peroxide (30 %) and concentrated sulphuric acid (69 %) with a ratio of 1:4. These processes were carried out 
in a clean room with a will grade better than class 1000. Mica substrates were peeled off to two slices and the  ^
exposed surfaces used.
4.1.2 Plasma enhanced chemical vapour deposition
A radio frequency plasma enhanced chemical vapour deposition (RF-PECVD) system (DP-800), being 
an industrial standard plasma technology process operating at 13.56 MHz, was used to deposit a-C:H with CHj 
and Ar as the precursor gases. The schematic diagram of this system is shown in Figure 4.1.
Driven electrode
f
Precursor gas
p la s m a
Earthed electrode 
RF generator roots/rotary pump
Auto pressure control valve 
Figure 4.1: Schematic diagram o f the DP-800 system usedfor the growth o f the a-C:H films. ^
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PECVD allows low temperature deposition between 30-250°C, which permits the use of a variety of 
substrates. The system has two parallel electrodes; the driven electrode connected to the RF power generator 
through a matching box, and the earthed electrode. The substrates were attached both to the driven and earthed 
electrodes using SEM carbon sticky pads. The chamber was pumped down to a pressure lower than 10"^  Torr 
before the deposition process by a roots blower/rotary pump. The process pressure was maintained at 
200 mTorr by means of a throttle valve.
The plasma consisting of ions, electrons and neutral species was created with the RF power source. 
However, heavier ions cannot follow exactly the applied electric field at a frequency of 13.56 MHz (the 
electrons can follow the applied electric field due to their light mass). Consequently, a time averaged negative 
DC self-bias is created close to the driven electrode. During the deposition process, the negative self bias of the 
plasma was measured by a voltmeter set between the two electrodes.
Normal deposition conditions were as follows. The self bias was between -50 V and -350 V, by 
keeping the input power between 30 W and 450 W. The deposition times were 3-10 minutes. When precursor 
gas was 100 % CH4, the CH4 flow rate was fixed at 40 standard cubic centimetres per minute (seem). When the 
precursor gas was 40 % CH4 and 60 % Ar mixture, flow rates were fixed at 48 seem for CH4 and 72 seem for 
Ar. For nitrogen doping of a-C, 1:10 mixture of N2:CHj was used with the CH4 flow rate maintained at 
36 seem. After deposition, the chamber was cleaned by oxygen plasma routinely to avoid the contamination 
prior to the next deposition run.
4.1.3 Pulsed laser deposition
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Figure 4.2: Schematic diagram o f the laser deposition system.
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Amorphous carbon (a-C) was also deposited using pulsed laser deposition (PLD) on several types of 
substrates in a vacuum with a base pressure of 10"^  Torr. The schematic diagram of PLD system is shown in 
Figure 4.2.
The vacuum chamber was pumped down using a turbo molecular pump and a mechanical pump. A 
KrF Lambda Physik excimer laser (LPX 210i), was used as the UV laser source for PLD, operating at 248 nm 
with 25 ns full-width half-maximum (FWHM) pulse duration. The pyrolytic graphite target (Kurt. J. Lesker, 
99.99 % pure) was rotated during deposition to avoid ablation of the same spot, and its surface cleaned using 
laser ablation before deposition.
The repetition rate was fixed at 10 Hz for normal depositions. The laser fluence was varied from 4 to 
12 J/cm  ^using the discharge voltage and the attenuators. When a-CN% was deposited, N] was introduced to the 
chamber and the pressure varied from 0 to 80 mTorr. The distance between samples and the target was 6 cm.
4.1.4 Pulsed laser annealing
Pulsed laser annealing (PLA) was carried out on a-C and the schematic diagram is illustrated in Figure 
4.3. Samples were placed in a stainless steel chamber with a quartz window. The chamber was pumped down 
with a turbo molecular pump with a pressure of <10'  ^Torr. Aerotech HDR 500, a micron precise x-y 
translation stage attached under the chamber, controlled by dedicated control software, is used for sample 
scanning. The same KrF Lambda Physik excimer laser was used for PLD was also used for annealing. The 
beam was homogenised to a semi-Gaussian profile with a Microlase beam homogeniser. The repetition was 
fixed at 20 Hz and laser energy was varied from 30-120 mJ.
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Figure 4.3: Schematic diagram o f pulsed laser annealing system.
48
Experimental details
4.1.5 DC magnetron sputtering
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Figure 4.4: Schematic diagram o f JLS sputterer system used.
Metal coatings were deposited using DC magnetron spattering with a JLS MPS500 sputterer system, 
and its schematic diagram is shown in Figure 4.4. A vacuum chamber was pumped down with a Cryo pump 
and the base pressure was <10^ Torr. There are four magnetrons (Kurt J. Lesker) and each one has a metal 
target of four inch diameter in the chamber. The surface of the targets is pre-sputtered before actual deposition 
and the targets are covered with shutters during the pre-cleaning. Ar was used as the sputter gas with the flow 
rate at 25 seem. Sputtering pressure was maintained at 5 mTorr using an automatic pressure control valve 
(APC) for standard metal deposition. During the process, the plasma current was monitored & controlled to 
maintain the growth rate of the metal films.
A load lock pumped down with a turbo molecular pump and a rotary pump, was connected to the 
vacuum chamber, which were separated by a valve. Thus, the pressure of the main vacuum chamber was 
maintained at less than 5*10^ Torr and the contamination during the sample loading was minimised.
4.2 Characterisation
4.2.1 Optical transmittance
A Camspec M330 Ultraviolet visible (UV-VIS) spectrophotometer was used for the optical 
transmittance measurement. The range of the wavelength was between 190 nm (-6.5 eV) to 900 nm (1.38 eV). 
Two light sources were used; a deuterium ultraviolet light source (190-350 nm) and an incandescent light
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source (350-900 nm). A grating varied the wavelength of the single beam and the transmitted light was 
detected by a photodiode.
A Caiy 5000, Varian UV-VIS-NIR spectiometer was used for the ulti'aviolet-visible- 
near infrared (UV-VIS-NIR) optical transmittance from 190 nm (-6.5 eV) to 3000 nm (0.4 eV) in dual beam 
mode. Two light sources were used; Xenon lamp for UV region and tungsten halogen lamp for the remainder.
Corning 1737 glass and quartz were used as substiates. The absorption coefficient ( # ) o f a  film with 
its thickness { d) \ s  defined as defined by the equation.
1 ,a  = - —In d [4.1].lOOy
Where, T  is optical transmittance [%] and d is the thicloiess of the film [cm].
When the Camspec M330 was used as it is single beam UV-VIS optical tiansmittance, the 
transmittance of the film ( ) on a transparent substrate was evaluated from the transmittance of the
sample (T^ gmp/e) the substrate The thickness of the film, the sample and the substrate are ,
^sample ^nd , respectively. Here, and are defined as following.
T '  _  s a m p le  _  f l l m ^ s u b s t r a t e ^ s u b s t r a t e )  r A  n
^sam ple ~  j  ^
P  — ^substrate — Y A 0 1
^substrate ~  j  ''O
Here, /q is the intensity of the incident light, whereas f  ample abstraie with respect to the intensity of
the transmitted light through the sample and the substrate. and cc^abstrate ^te the absorption coefficient of
the film and the subsh'ate, respectively. Therefore, the transmittance of the film can be expressed as the 
following.
^sam ple
J  fthn substrate^siihslwte )  T '7’
P __________________________________ f _____________________________ _  ^ 0 _  -^sample ^-1
J  p -l^ su h s lra te l substrate J  J '  L '  J
0 ^  substrate I  substrate
4
There is an assumption; the internal multiple reflections are neglected as the thickness of films was 
much smaller than the wavelength of the light.
For amorphous materials, the Tauc gap is also used in determining from a Tauc plot® as shown in 
Figure 4.5.
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Figure 4.5: An example o f Tauc plot. When the band edge is assumed to be parabolic, the Tauc plot can be obtained and
evaluated using thisplot.^
If the band edge is assumed to be parabolic. Eg is regarded to be the optical bandgap (the Tauc gap) 
which is described following equation.
W "  = [a{nm)f^ = a {e  -  ) [4.5]
Here, ft is the reduced Planck constant and co is the angular frequency of the light. In this work, the Tauc gap 
was used as the optical bandgap.
Amorphous materials have a longer band tail and the optical absorption has an exponential dependence 
near the band gap energy which can be expressed as follows.
a  -  - « 0  exp [4.6]
\  F  J
Here, and p  are constants and /? is known as Urbach energy. It is an indicator of the disorder within the 
material and can have typical values in the range 100-400 meV.’
4.2.2 E llipsom etry
Figure 4.6 shows the basic principle of ellipsometry. The incident beam is a circular by polarised light 
and it is reflected by the dielectric layer. The reflected light is affected by the film, and becomes elliptically 
polarised light, which includes information regarding the dielectric layer. The polarisation of the reflected light 
is measured with a quarter wave plate and a photodiode.
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These values and the direction of polarisation of the incident light allows one to calculate the 
following values; the relative phase change (A) and the relative amplitude change ( ^  ). A and y/ are related
to the ratio of Fresnel reflection coefficients for p-polarised light {Rp)  and s-polarised light {R^), with the
following relationship.
tan(v^y^ [4.7]
where, the s-direction is taken to be parallel to the sample surface and along the direction of 
propagation. The p-direction is taken to be perpendicular to the propagation direction and s-direction. Using 
these values, the experimental results and the theoretical models are compared using a program and parameters 
such as the refractive index and film thickness varied until the model fits the experimental data. Consequently, 
the values of the film thickness and the refractive index can be evaluated by ellipsometry.
circular polarized light
Dielectric layer
elliptic polarized light
analyzer
a quarter-wave plate
substrate
Figure 4.6: Schematic diagram of the important parameters measured using ellipsometry.
A PC controlled ellipsometer (SD 2000 ellipsometer) and a typical manual null system (Transistronic 
Ellipsometer MK II) were used with wavelength of 632.8nm He-Ne laser as a single wave length ellipsometry. 
The smallest value of signal was searched for by changing the angle of the polariser and the analyser, either 
manually or automatically for getting the value of A and y/ . From these values, the film thickness and the 
refractive index were evaluated using the numerical method with dedicated software. The merit of the 
measurement is non-destructive and a surface measurement. A crystalline silicon substrate was used as the 
substrate.
The a-C films were also studied with an ex situ UV visible spectroscopic ellipsometry in the range of 
photon energies from 1.5 to 5 eV using the UVISEL system by Jobin Yvon. For the analysis, a Tauc-Lorenz
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analytical expression for the dielecti'ic function^’’ was assumed. The SE provides the complex refractive index 
and allows the energies Eg (for the onset of the optical transitions) and E04 (where the absorption a=10'* cm~^ ) 
to be obtained. Since SE measurements do not yield quantities of interest directly, the SE data must first be 
fitted to a model to obtain useful parameters such as film thickness and optical functions. The Tauc Lorentz 
(TL) model for the optical functions of amorphous materials has been shown to be very useful in interpreting 
these SE results. A four-parameter model (A, C, Eg, 8{nf) is sufficient to describe the optical functions of the 
thin film to an accuracy of the ellipsometer.
Jellison and Modine  ^ developed this model using the Tauc joint density of states and the Lorentz 
oscillator. The imaginaiy part Sj of the dielectric function is given by the product of imaginary part of Tauc's 
dielectric function with Lorentz's derivation. In the approximation of parabolic bands Tauc’s dielectric 
function describes inter-band transitions above the band edge. The new expression for 8j is set up as :
e ,(g )= 0  f o r E < £ ^  [4.9]
Where A is the strength of the 8; peak, C is the broadening term of the peak and Eo is the peak central energy. 
The real part of the dielectric function is derived from the expression of 8,- using the Kramers-Kronig 
integration.
The TL expression is consistent with known physical phenomena, within the limitations of the model. At large 
E, the 8j(E) of the TL model — 0. This is consistent with observed behaviour in the X-ray and y-ray regime, 
where it is known that the absolution coefficient is very small. Furthermore, 8](E) = 0 for below Eg. The only 
mechanisms that give a non-zero value of 8](E) below the band gap are the mechanisms that are explicitly 
ignored in the TL model, such as Urbach tail absorption and vibrational absorption in the infrared. Finally, the 
TL expression is Kramers-Kronig consistent, in that 8 (^E) is determined by Kramers-Kronig integration.
4.2.3 Raman spectroscopy
Raman spectroscopy is based on an optical characterisation techniques based on inelastic (Raman) 
scattering between photons and phonons. The difference in energy between the incident and the scattered 
photon is used to characterise the bonds in materials (anti-Stokes).
When a monochromatic incident light with a frequency (v^) is exposed to molecules with molecular
vibration energy ( /î v, ), three types of scattering occur; Rayleigh, Stokes and Anti-Stokes scattering. The
Rayleigh scattering is an elastic scattering, since the frequency of scattered light does not change. On the other 
hand, Stokes and Anti-Stokes scattering are inelastic scattering modulated by the molecule vibrations. Thus, 
the frequency of the Stokes and anti-Stokes scattering are Vq T v ,. .
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A Renishaw Raman microscope with 514 nm wavelength of a Ar ion laser and a 782 nm of a diode 
laser was used for Raman spectroscopy. The wavelength used allows measurement of the G peak and D peak 
of a-C
4.2.4 Electron energy loss spectroscopy
Electi on energy loss specti oscopy (EELS) was perfoiined in order to characterise the microstructure of 
a-C. The a-C films were deposited on mica or Si substrates. Films on the mica substrates were peeled off the 
substrates by dipping in DI water and films on the Si substrates were removed by etching the Si in HF and 
HNO3 mixtures, and then placed on TEM grids.
A CM200 Philips Supertwin TEM at 200 kV accelerating voltage from LaBe filament was used with 
the Gatan Imaging Filter GIF2000 spectiometer for EELS.
The electron energy loss spectmm was analysed using a Gatan Digital Micrograph and Origin Lab. 
Low loss peaks were deconvoluted with a zero loss peak, and carbon K edge spectra deconvoluted with a low 
loss peak. Low loss peaks were curve fitted using modified Lorentzian and carbon K edges curve fitted using 
Gaussians.
4.2.5 Photoelectron spectroscopy
Two types of photoelectron spectioscopy, ultiaviolet photoelectron spectroscopy (UPS) and X-ray 
photoelectron spectioscopy (XPS) were carried out. These are surface analysis techniques in which the sample 
is exposed to X-rays (magnesium: 1253.6 eV or aluminium 1486.6 eV) or ultraviolet (UV) light. Incident X- 
rays release elections fi'om the inner core of atoms, whilst ultraviolet light release electrons fl om the valence 
band. These electrons are arranged according to kinetic energy and provide information on each element in the 
XPS case and the valence band stiucture in the UPS case. Therefore, it is possible to measure the presence of 
elements and quantify their ratio using XPS and the work function of the material using UPS. Photoelectrons 
emitted fiom atoms due to the incident photons (X-rays and UV lights) can suffer scattering processes. 
Therefore, the elections emitted from atoms located far from the surface cannot reach the analyser. 
Consequently, elections can only be detected fiom atoms located within a few atomic layers from the surface. 
Especially, UPS is extremely sensitive to the surface conditions as the incident photon energy is smaller than 
XPS.
An Omicron Multiprobe UHV system equipped with an Omicron HA 125 analyzer was used for both 
XPS and UPS experiments. For XPS, spectia were acquired with a pass ener^ of 50 eV and 20 eV for suiwey 
and higher resolution respectively, using Mg Ka radiation (hv = 1256.4 eV) from a VG XR3E2 twin anode 
source. The base pressure was in the range of 10'^  mbar for the entire set of experiments.
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For UPS, He I (21.22 eV) from an Omicron HIS 13 windowless He lamp was used. The pass energy 
was set to 5 eV for a 6 mm diameter analysis area defined by the entrance slit to the analyzer. Spectra were 
normalized to the maximum intensity of the inelastically scattered electrons.
4.2.6 Scanning probe microscopy
Two types of scanning probe microscopy (SPM) were carried out, scanning tunnelling 
microscopy (STM) and atomic force microscopy (AFM). SPM can provide very high resolution topographic 
images of various samples using a piezo device which allows the sub-nanometer movement. The difference 
between these two SPM is the detection method. STM measures the tunnelling current between a very sharp 
tip and the surface of the samples for constructing the topography. Scanning tunnelling specti oscopy (STS) can 
be also carried out using the STM tip and by measuring the variation in the tunnelling current while the applied 
voltage is ramped between two values. Spectra thus acquired have been shown to provide the local density of 
states (LDOS) of the sample**.
AFM detects atomic force between a sample and a tip placed at the end of the cantilever. Distortion of 
cantilever due to the atomic force is monitored using a laser beam reflected on the surface of the cantilever, 
and the laser is detected by a photodiode.
The resolution of the SPM is not affected by the wavelength restrictions as with optical microscopes or 
diffraction limits in electron microscopes. STM can be only applied to conductive samples as it uses the 
tunnelling current to detect the morphology of the samples. AFM can also observe insulating samples in 
addition to conductive samples. It can also measure local electrical properties using a conductive tip, and in 
this case it is called conductive atomic force microscope (C-AFM). There are several modes of operation 
depending on how the AFM tip detects the atomic force, the most common being the contact mode (explained 
above) and the tapping mode. In the tapping mode, the tip is vibrated at cantilever’s resonant frequency and 
taps the surface of the samples, which is monitored using laser. Atomic force is detected as change of the 
frequency. A C-AFM can be used for nano-oxidation applying voltage against either the C-AFM tip or the 
samples. *^’*^
A Digital Instruments, Dimension 3100 Atomic Force Microscope was used to measure the surface 
topography by contact or tapping mode AFM. The image obtained allowed one to determine the grain size and 
the root mean square (RMS) roughness. AFM was also used to measure the sample thickness by masking the 
substrate during the film deposition and measuring the step height. AFM is especially useful to measure films 
thinner than 20 nm, where the profilometer is not sensitive enough.
4.2.7 Electrical measurement
I-V characteristics were measured using a probe station with a heating stage and a Keithley voltage 
source meter (Keithley 487 or Keithley 236 with the accuracy of 0.3% and 0.1% as maximum, respectively).
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The activation energy was obtained from an Arrhenius plot by changing the temperature from room 
temperature (21°C) to 80°C.
DC sputtered Cr or Au was used as the circulai* shaped top metal contacts using a shadow mask. 
Highly doped Si wafers or Cr films on Si or glass substiates were used as the bottom electrodes for sandwich 
structures.
DC sputtered Cr film on glass substrates were used for narrow Cr coplanar electrodes where gap is 
about 100 nm milled using a focused ion beam.
4.3 Fabrication procedure
4.3.1 Conventional UV photolithography
Conventional UV photolithography was used to fabricate structures down to one micron size. A 
Quintel Ultra ji line Series mask aligner was used for the process with commercial Cr masks made by election 
beam lithography. Shipley photoresist SI800 series were used as a photoresist with MF-718 developer. The 
brief sequence and the noiinal condition are as follows.
1. Spin coat photoresist (5500rpm, 1 min).
2. Soft bake photoresist (90 °C, 30 sec).
3. UV exposure using a mask aligner, (6-10 sec).
4. Developing (MF-718, 1 min).
5. Hard bake photoresist (90 °C, Imin).
6 . Etching (optional).
7. Removing photoresist using solvent or oxygen plasma.
4.3.2 Focused ion beam
Focused ion beam (FIB) milling was used to create sub-micron structures. A FBI Nova Nanolab 600, 
which is a dual beam FIB, was used for less than Ijii co-planar gap. In the chamber, which has a SEM column 
with a field emission gun and an ion column with a Ga ion source, the focused Ga ion milling was carried out 
in a vacuum less than lO'^mbar. Samples were placed on the 6 inch stage with 5 axis movement; xyz 
movement, rotation and tilting. The acceleration voltage at 30 keV were used with a current range between 
10 pA-20 nA. The maximum resolution of FIB milling is up to tens of nanometres on Si substrate.
Fabricating stiucture with real dimensions greater than mm scale is quite time consuming, therefore 
the conventional UV photolithography is used. For instant, when the contact pads requested for the I-V 
measurement are large a combination of the FIB and conventional photolithography can speed up the 
fabrication of the nano-structures.
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When the gap was fabricated using FIB, metal films were deposited using DC sputtering on Si02  or 
glass substrates. The metal was patterned using conventional UV photolithography and the line and contact 
pads created. The gaps were milled on the metal line. When insulating substrates were used, the structure was 
coated with a thin An film, with a thickness of 10 nm. It allows the SEM to focus and observe the surface of 
the sample, and the layer can also be used as the protective layer for the structure when the Ga ion beam is 
focused to the surface.
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Chapter 5
PECVD growth of a-C:H and a-CNx:H 
5.1 Result on a-C:H growth
PECVD has been used for a-C deposition for a long time and hydrogenated a-C (a-C:H) can be 
obtained using hydrocarbon gas such as methane or acetylene as a precursor. The merit of the PECVD 
process with hydrocarbon precursor gas is the low defect density films. a-Si:H films grown with silane gases 
has low defect density, with hydrogen terminating the dangling bonds of a-Si.  ^Consequently, a-Si:H is used as 
an electi'onic material for TFT in the LCD display industiy or photovoltaic device construction. In this chapter, 
a-C:H growth using PECVD is discussed.
5.1,1 Basic film properties
The a-C films were deposited on either the driven electi ode, which was connected to the RF power 
source or the eaithed electrode. The negative self bias which appears between the earthed and the driven 
electrodes was measured using a voltmeter. The negative self bias is the typical pai ameter that is varied to 
control the properties of a-C deposited by PECVD. Therefore, other parameters were fixed; the process 
pressure was 200 itiT o it , the substrate temperature was room temperature, and two types of precursor gas 
(100 % CH4 and 40 % CH4 & 60 % Ar mixture) were used. The relationship between the negative self bias and 
the input power is shown in Figure 5.1. The self bias was controlled by changing the input power, and it has a 
linear relationship in the parameter space examined.
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Figure 5.1: The negative self bias versus the input power.
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Sheathes exist close to both the electrodes/ Since the mobility of electrons is higher than that of ions, 
and the plasma has a positive charge compared with the earthed electrode (anode). The driven electrode 
(cathode) is biased negatively due to the mobility difference of electrons and ions as shown in Figure 5.2. It 
means that the films on earthed and the driven electrode should be similar up to certain negative self bias.
Figure 5.3 shows the basic parameter (the growth rate, the Tauc optical band gap and the refractive 
index n) of a-C:H depending on the negative self bias. The figures set on the left shows the properties of a-C:H 
deposited from only methane, and, the right set of figures shows the properties of a-C:H deposited from the 
methane diluted by argon with a ratio of 2:3, in Figure 5.2. The Ar dilution seems to shift the properties on the 
negative direction on the negative self bias compared with pure CH4.
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Figure 5.2: The plasma condition between the parallel electrodes.^
There are four mainly contributions to the a-C:H deposition mechanism with hydrocarbon precursors 
using PECVD, such as (1) carbon-carrying ions, (2) hydrogen ions, (3) atomic hydrogen and (4) neutral 
carbon-carrying radicals as summarized by W. Jacob.'* Carbon-carrying ions are thought to stick to the surface 
or close to the surface of the film due to their strong interaction of the sold. Hydrogen ions displace bonded 
atoms and create dangling bonds, but their penetration depth is longer than carbon ions due to its weak 
interaction. Atomic hydrogen mainly saturate dangling bonds since the effect of creating dangling bonds are 
negligible. Neutral carbon-cariying radicals bond to dangling bonds, consequently passivation occurs.
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Figure 5.3: The growth rate (a) & (b), the Tauc optical bandgap (c) & (d), and the refractive index (e) & (f), versus the 
negative self bias for a-C. Two types ofprecîirsor gas were used; CH4 for (a), (c) and (e), and CH4 diluted by Ar at the 
ratio o f 2:3 for (b), (d) and (f). The filled squares and circles indicate the samples grown on the driven electrode and the 
unfilled ones are deposited on the earthed electi'ode. The dash lines are for guideline purposes.
a-C:H films deposited by rf-PECVD have been studied with relatively low pressure to avoid the 
multiple scattering process since it reduces the energy of cai’bon ions in the plasma, e.g. the work of W. Jacob 
was carried out with a process pressure of less than 1 mTorr, whereas this work was carried out with the 
pressure at 200 mTorr. The mean free path of CH4 can be though to be similar value of N2 since the molecular 
weight is similai*, and is thought to be around 5 cm at 1 mTorr.^ Thus, the order of the mean f  ee path of CH4 is 
expected sub millimeter at 200 mTorr. Therefore, multiple scattering of ions is expected under such pressure
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condition, and the speed of ions are expected to be reduced when they reaches to the electrode (substrates) 
even the negative self bias is high.
When only methane was used as a precursor gas, the growth rate of a-C:H deposited on the earthed 
electrode gradually increases with increasing the negative self bias, and it seems to be saturation at high self 
bias. Whereas, the growth rate of a-C:H deposited on the driven electrode increases at first, reaches a 
maximum, and then starts to decrease with increasing negative self bias.
When the precursor gas was methane diluted by Ar at the ratio of 2:3, the growth rate of a-C:H 
deposited on the earthed electrode increases gradually, but the deposition rate was higher than when the only 
methane was used as a precursor gas. While, the growth rate of a-C:H deposited on the driven electrode from 
diluted methane increases at first, then it saturates and finally reduces.
After considering the multiple scattering process, the trend of the growth rate can be connected to the 
two factors. One is the plasma condition, and the other is the effect of the negative self bias on the driven 
electrode. The plasma condition is thought to affect the properties of films on the earthed electrode and on the 
driven electrode at low negative self bias, since the multiple scattering reduces the speed of ions close to the 
substrates. High negative self biases can be thought to affect the properties of films on the earthed electrode. 
The increase of the growth rate by Ar dilution can be attributed to the change of the plasma conditions since 
the growth rate of Ar dilution case seems to shift upward.
Ar dilution reduces the total number of CH4 molecules since the process pressure is fixed, however the 
growth rate increases. It may indicate that Ar dissociates more CH4 than pure CH4 plasma. Then, more (1) 
carbon-carrying ions, (2) hydrogen ions and (3) atomic hydrogen can reach to the both electrodes. It is also 
expected that the ion energies close to the driven electrode can be higher than that of earthed electrode at high 
negative self biases even after multiple scattering. It may be attributed to the reduction of the growth rate on 
the driven electrode at high negative self biases as shown in Figure 5.3 (a) and (b). Ar ions might remove the 
hydrogen termination at the surface of the films.
The Tauc optical band gap of a-C:H was measured and all samples grown on the earthed electrode 
showed large optical bandgaps around 2.5 eV. The samples deposited on the driven electrode show a similar 
large Tauc optical bandgap at the lower negative self bias region. Then it dropped around 1.0 eV with 
increasing negative self bias. The difference of the samples deposited from methane and methane diluted with 
Ar about the Tauc optical bandgap is the position of the drop, and it changes from -75 V to -125 V due to the 
Ar.
The films can be classified into two types according to the Tauc optical bandgap; one is around 2.5 eV 
and the other is around 1.0 eV. Since the properties of the films on earthed electrode and the driven electrode 
at low negative self bias are expected to be similar, therefore the similar Tauc optical bandgap at -50 V with 
100 % CH4 precursor and -50 V and -75 V with Ar diluted precursor are thought to be similar films in terms of 
the optical properties. Optical properties are thought to be governed by the sp^  fraction and the size of sp^
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clusters in sp^  mati'ix according to the cluster model.^ It means that the sp^  fraction drops when the negative 
self bias exceeds certain points and it seems to stay same amount.
The main reason for the high optical bandgap of the a-C:H films is due to its polymeric nature, high 
sp^  fraction due to the presence of hydrogen in the film since hydrogen helps to form sp^  hybridization, sp^  
hybridizations are created due to the higher negative self biases. The reduction of hydrogen due to hydrogen 
ions and hydrogen atoms may help this process even the speed of them are slow, especially ions are thought to 
be attracted by the higher negative self bias on the driven electrode than that on the earthed electrode.
The refractive index of a-C:H deposited on the eaithed electiode from both 100 % CH4 and 40 % CH4 
diluted by Ar increases gradually with increasing the negative self bias and reaches around 1.6. However, the 
samples grown on the driven electrode from 100% CH4 shows the increase of the refractive index, then reaches 
maximum around 2.0, and start decreasing with increasing the negative self bias. The samples grown on the 
driven electrode fr om 40 % CH4 diluted by Ar shows the similar tiend, and then reach the maximum value 
around 2 .0, but do not show the reduction of the refractive index.
The trend of refractive index is similar to the growtli rate, and it is correlated with the density of the 
film, and the higher refractive index films being denser. The density of diamond is higher than that of graphite. 
C-H bonds occupy lar ger space and therefore the density is low.
Thus, the density of the film on the driven electrode deposited at the low negative self bias is low since 
it is thought to have high hydrogen content. Then, the density seems to increase with increasing negative self 
bias since the hydrogen content is thought to be lower. Finally, the density starts decreasing since the film 
becomes more sp^  rich due to the higher termination speed.
The density of the films on the earthed electrode gradually increases with increasing the negative self 
bias. It is thought that the higher input power increases the negative self bias on the driven electrode and 
increases the dissociation of the precursor gas. Thus, more radicals exist in the plasma which ar rives to the 
earthed electrode. More radicals including hydrogen ions remove the surface hydrogen termination slightly 
quicker, and increase the growth rate consequently the density increases slightly.
From the analysis of these basic properties, these a-C films deposited on the earthed electrode are 
thought to be classified as PAC, due to the high optical bandgap and low refractive index which normally 
means low density. The films deposited on the driven electrode at the low negative self bias are also thought to 
be PAC. Whereas, the films deposited on the driven electrode with the other negative self bias can be classified 
as DLC films.
Figure 5.4 shows the Tauc optical bandgap versus the refractive index of a-C:H. PAC has the 
high optical bandgap and a small defect density and low refractive index, whereas DLC has the lower optical 
bandgap and a higher density and higher refr active index.
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Figure 5.4: The Tauc optical bandgap versus the refractive index o f a-C:H deposited on the driven electrode (filled) and 
the earthed electrode (empty) from pure methane (square) and diluted methane by Ar at a ratio o f 2:3 (circle).
5.1.2 FT-IR and Raman scattering of a-C
Concerning the hydrogen content of the film, Figure 5.4 shows a typical FT-IR spectrum of a-C:H 
deposited using the PECVD system (DP800). The presence of hydrogen is confirmed by FT-IR spectra around 
3000 cm'L The film has the bonds; CH, CHa and CH3. All a-C films deposited by the DP800 are thought to be 
a-C;H as they were deposited from methane as a carbon source.
3(Ô CH, CH%, CH3 CO peak CH peakI0 u
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Figure 5.4: Typical FT-IR spectrum o f a-C:H deposited by PECVD.
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The structure of the films has been studied using visible Raman spectroscopy. Figure 5.5 (a) shows 
typical Raman results for samples grown on the driven electrode. The typical a-C G peak around 1600 cm ' 
and D peak around 1350 cm ' are detected from samples with the higher negative self bias on driven electrode. 
Figure 5.5 (b) shows a typical Raman spectrum for samples grown on the earthed electrode and the samples on 
the driven electrode at low self bias. These samples do not show any strong peak around 1600 cm ' and 
1300 cm '. The peak around 950 cm ' is the Si substrate peak.
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Figure 5.5: Typical Raman spectrum for a-C:H deposited (a) on the driven electrode and (b) on the earthed electrode.
When the negative self bias is low, the samples deposited on the driven electrode are PAC. The 
samples deposited on the earthed electrode also become PAC due to the inherently low self bias. This is due to 
the low energy impacts, therefore higher hydrogen content and the high sp^  fraction results. Consequently, the 
sp^  clusters can be assumed to be small.
The other samples deposited on the driven electrode become DLC with increasing self bias. Therefore, 
low sp^  fractions and low hydrogen contents would be expected. Consequently, the sp^  clusters can be 
considered to be large.
As the G peak is attributed to sp^  bonding, and, the D peak attributed to the disorder induced in the 
aromatic rings in the a-C, therefore it is thought that the PAC samples (high sp )^ should not show peaks 
associated with the D peak as found in metastable DLC samples. BWF type curve fitting could not be applied 
to these results, and therefore the Gaussian curve fitting was conducted out as shown in Figure 5.5 (a).
Figure 5.6 shows the self bias dependence of the Raman spectra for a-C;H deposited on the driven 
electrode, from methane and argon mixture gases. The negative self bias was varied from -50 V to -300 V. 
After the Tauc optical bandgap drops from 2.5 eV to 1.0 eV, the negative self bias is greater than -100 V, the G 
peak and D peak appears showing in the Raman spectra. This is consistent with the model for sub-implantation 
where the increased energy of the radical species disrupts the aromatic ring structures and induces more 
disorder via the symmetry breaking D peak in the Raman spectrum.
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Figure 5,6: The Raman spectra o f a-C:H (DLC) deposited on the driven electrode from diluted methane by argon at the 
ratio o f 2:3. The negative self bias was variedfrom -50 V to -300 V
Figure 5.7 shows the dependence with the self bias for the ratio of the peak intensity I(D)/I(G) and the 
G peak position on the samples deposited from CH4 and Ar mixture gases. Once the D peak appears, I(D)/I(G) 
increases with increasing negative self bias from 0.3 to 0.45. The G peak position also increases with the self 
bias from 1530 to 1552 cm'\ This can be interpreted as the film becoming more sp^  rich (graphite like), with 
the increasing of the negative self bias due to disorder induced defects within the microstructure of the films. 
Since the increase of the sp^  clustering can be attributed to I(D)/I(G). It should be noted that the increase of the 
sp^  clustering is not attributed to the increase of the sp^  fraction. Difference of the degree for the sp^  clustering 
can exist in same sp^  fraction films, and it appears as the D peak. Therefore, it can be found that the degree of 
the sp^  clustering increases with increasing the negative self bias from figure 5.7. It can be attributed to the 
growth mechanism. When negative bias increases, the hydrogen radicals tend to remove the hydrogen 
termination on the film. The loss of hydrogen allows carbon to form sp^  hybridized atoms. Penetration or kick- 
off are thought to occur at high negative self bias, and consequence of the relaxation can be expected. These 
process increases the sp  ^cluster size and it is detected as the increase of I(D)/I(G).
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Figure 5.7: Dependence o f self bias on (a) the ratio o f the peak intensity 1(D)/I(G) and (b) the G peak position. The 
samples were depositedfrom the mixture gas o f CH4 andAr at the ratio o f 2:3.
0.6
0.5 DLC
O O
PAG
0.0
1.4 1.6 1.8 2.0 2.2refractive index n0.6 1 1 1 1 1 1 1 1 1 1 1
0.5 . / ^ \ .0^ .4 ' (  0  )DLG -
^ 0 .3 -\p o j -0  _ •^ 0 .2 - -
0.1 - PA G -
0.0
0.8 1.2 1.6 2.0 2.4Tauc gap [eV]
Figure 5.8: The relationship between I(D)I/(G) versus Tauc gap and the refractive index of the films.
The relationship between I(D)/I(G), and Tauc gap and refractive index n are shown in Figure 5.8. 
Square of the refractive index versus density has a linear relationship.^ If the samples follows the trend, the
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refractive index of the PAC and DLC films are 1.3-1.7 and 1.6-2.1, therefore they are estimated on the blue 
and the green circles. PAC seems to be around l.Og/cm^ and DLC seems to be around 1.2-1.7 g/cm .^ It 
indicates that higher hydrogen content PAC is less dense than DLC, and hydrogen tend to bond sp^  hybridized 
carbon, resulting in the sp^  ratio is expected to be small. Small sp^  fraction implies less sp^  clustering in the 
films. It is consistent from the growth mechanism. The relationship between Tauc gap and the I(D)/I(G) could 
be explained as PAC has higher sp^  fraction results in the lower sp^  clustering is expected.
C. Casiraghi et al.‘° showed a wide range of results with regard to the Raman scattering of a-C:H. 
These result will be compared with our samples deposited using the DP800. Figure 5.9 shows the other reports 
of the shift of the G peak position and the intensity ratio I(D)/I(G).’ In our case, the G peak position is between 
1535 to 1553 cm"', and, the I(D)/I(G) ratio is between 0.3 and 0.45 for the samples which shows D and G 
peaks. When the negative self bias is -100 V, only a G peak was detected, and therefore I(D)/I(G) is zero and 
the position is 1530 cm'*. The green and blue circles show DLC and PAC samples, respectively, throughout the 
figures.
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Figure 5.9: Report o f the G peak position and the intensity ratio I(D)/I(G) related to the hydrogen content Green circle 
shows the estimated place o f the samples showing the D and G peaks (DLC films) and blue circle shows the estimated
place o f samples showing only G peak (PAC films).
Figure 5.10 shows the other reports of a-C:H about the relationship between the Tauc optical bandgap 
and the hydrogen content From the value of the Tauc optical bandgap, the hydrogen content is estimated 
between 20 % to 30 % for the DLC samples and over 40 % for the PAC samples.
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Figure 5.10: Rreport o f Tauc optical bandgap related to the hydrogen content The green and blue circles show the 
estimated place o f DLC and PAG films grown in this study, respectively.
Figure 5.11 shows the relation of the Tauc optical bandgap and the G peak position and PAC, and, 
DLC position former films in the blue and green circles Both PAC and DLC follow the trend.
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Figure 5.11: Report o f the G peak position depending on the Tauc gap The green (DLC) and the blue (DLC) circles are
the a-C:H films deposited in this study. 
a-C:H can take a wide range of physical properties such as optical bandgap and refractive index, which 
are the reflection of the microstructure changes. The Ar dilution changes the microstructure of the films in 
negative self bias point of view. However, the change seems to be just shifts on the negative self bias 
dependence from the microstructure point of view. The Raman spectra, especially I(D)/I(G) gives the degree of 
sp^  clustering, which gives important information of the microstructure.
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5.1.3 Surface roughness of a-C
Figure 5.13 shows the RMS dependence of the self bias calculated from AFM images. The films are 
very smooth; the RMS is less than 1 nm. The roughness of the samples deposited on the driven electrode is 
smaller at the high negative self bias, and could be due to the bombardment. It is thought that the higher energy 
species compress the surface of the films and make the surface smoother.
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Figure 5.13: RMS dependence o f the negative self bias deposited with (a) CH4 100% and (b) CH4 40 % diluted by Ar.
5.1.4 Electrical properties of PECVD a-C:H
According to a previous report, the conduction is bulk limited for PAC.*’ For this reason, gold was 
chosen for the bottom and the top electrode at first, as it has good conductivity. Unfortunately, the films were 
shorted. It was thought either the roughness of the Au bottom electrode was too high or Au is too soft since the
internal stress of a-C is high.
\  Au line
Au line
Ag (mg
A u
Ag (mg
A u
Figure 5.14: The schematic of the sandwich structure for I-V measurement with the top and 
bottom electrode using A u
Therefore, the surface of three types of metals (Cr, A1 and Au) was examined prior to using as the 
bottom electrode for the sandwich structures. The surface roughness was measured from AFM images; the Cr
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films (Figure 5.15), the A1 films (Figure 5.16) and the Au films (Figure 5.17), with two difference sputter 
currents (0.14 A and 0.54 A). The deposition was done in a vacuum camber pumped by a cryo-pump, with 
base pressure is less than 2x10"  ^Torr and 25 seem of Ar used to sputter at a process pressure of 5 mTorr. The 
higher sputter current during the deposition results in rougher surfaces.
films.
15.00 no
0.00 nm 0.00 nm
Figure 5.15: The AFM images for Cr films deposited by sputtering with the sputter current at (a) 0.54 A and (b) 0.14 A.
0.00 nm 0.00 nm2(>0nui
Figure 5.16: The AFM images for Al films deposited by sputtering with the sputter current at (a) 0.54 A and (b) 0.14 A.
0.00 nm 0.00 nm
Figure5.17: The AFM images for Au films deposited by sputtering with the sputter current at (a) 0.54 A and (b) 0.14 A.
The RMS of the films is shown in Table 5.1. The growth rate is roughly proportional to the sputter 
current and higher growth rate films seem to be rougher. Cr has the smoothest surface, then Au and finally Al.
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Table 5.1: The growth rate and the roughness o f the metal films depend on the sputter current.
Metal
Current
[A]
Growth rate 
[nm/min]
RMS roughness 
[nm]
Au 0.14 10 0.50.54 45 1.6
Al 0.14 2.5 1.10.54 11 2.7
Cr 0.14 3 0.20.54 12 1.3
Substrate
Figure 5.18: The schematic diagram o f the sandwich structure usedfor I_V measurement with Al and Cr as electrode.
Since all the metal films have relatively smooth surface, the reason the Au/a-C/Au device shorted is 
thought to be associated primarily with the a-C internal stress cracking the soft metal surface. Cr has a 
relatively higher resistivity than Au and Al, and therefore as a bottom electrode, bi-layer film, 20 nm thickness 
of Cr and 50 nm thickness of Al were used. The top electrode was Cr with the thickness of 100 nm as shown in 
Figure 5.18.
The J-E characteristics of a-C;H films deposited on the earthed electrode and the driven electrode at - 
50V from pure methane are shown in 5.19. The a-C:H film deposited on the earthed electrode and the driven 
electrode are thought to be PAC and DLC, respectively.
The J-E curve shows that the PAC is more resistive than the DLC. The PAC film shows hysterisis 
because the film has high resistivity, therefore a higher capacitance as the thickness of the film is less than 
100 nm. Consequently, the film shows capacitor-like behavior. DLC films were less resistive, therefore the J-E 
curve does not show hysterisis. The conductivity and the resistivity were evaluated using the J-E 
characteristics, where the electric field is less than 1x10  ^V/cm following a previous study.” For these fields, 
the current density scales approximately linearly with the electric fields as shown in Figure 5.20. The value of 
resistivity (conductivity) was 2.1x10*  ^ Q/cm (4.8x10'*  ^Q~*/cm’*) for DLC and 1.4x10*  ^ Q/cm (7.1x10’ 
Q-'/cm’*) for PAC.
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Figure 5.19: The J-E characteristic o f a-C:Hfilms deposited on both the earthed and the driven electrode at -50 Vfrom
pure methane.
a-C is consisted from disordered sp^  clusters in sp^  matrix/ furthermore PLC has carbon-hydrogen 
bonds which makes PLC more polymer-like. As sp^  fraction is high in PAC films compared with DLC, the 
numbers of the sp^  clusters and the size of them can be thought to be small. The difference of the electrical 
properties between DLC and PAC can be attributed to the density of the condition of sp^  clusters in the sp^  
matrix, and hydrogen might affect the condition of sp^  matrix when hydrogen content is high.
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Figure 5.20: J-E characteristics for a-C:H deposited on (a) the driven electrode and (b) the earthed electrode with the 
negative self bias at -50 V. The conductivity and the resistivity were evaluated at low electric fields (< l'x l(f V/cm).
The a-C:H films were deposited on the earthed and the driven electrodes from pure methane and 
diluted methane with argon at the ratio of 2:3. The growth rate of the film from diluted methane is higher than 
the pure methane in spite of the quantity of methane being smaller. It is thought that the argon dilution
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increases hydrogen radicals and removes the surface hydrogen termination much more effectively compared 
with the pure methane plasmas.
The properties of PECVD a-C:H films were measured. The negative self bias affects the properties of 
the films deposited on the driven electrode more than on the earthed electrode. The samples can be classified 
as two types. One is PAC which is grown on the earthed electrode and on the driven electrode at the low 
negative self bias. The other is DLC, which is grown on the driven electrode at higher negative self bias. It can 
be explained that the energy of the carbon species colliding on to the surface of the film plays a key role in the 
properties of the deposited films.
Raman scattering was earned out on the samples deposited from diluted CH4 with a 514.5 nm visible 
laser. The PLC samples do not show the Raman scattering due to its high luminescence background and it 
could be attributed to high sp^  fraction. The DLC films show the D and G peaks and they were compared the 
other report. There is a good agreement among the Raman scattering and the physical properties.
The surface roughness of the films was also measured and shown to be very smooth. The surface 
roughness slightly decreases with increasing the negative self bias which could be explained as a result of ion 
bombardment..
It was shown that the microstructure of a-C;H changes the electrical properties of the films. PAC films 
has one order higher resistivity than DLC films, and therefore J-E characteristics of PAC shows hysterisis as it 
behaves like a capacitor.
5.2 Results of a-C:H growth with nitrogen
Nitrogen was used as a possible dopant to a-C and the n-type characteristics have been reported. 
Therefore, nitrogen doping was attempted using PECVD.
5.2.1 Basic film properties of a-CN^iH
The a-CNx films were also deposited on both the driven electr ode from 90 % of methane and 10 % of 
nitrogen mixture gas. The negative self bias was varied between -50 and -250 V. The process pressure was 
200 mTorr and the substrate temperature was the room temperature. The relationship between the negative self 
bias and the basic parameters are shown in Figure 5.21.
The growth rate of a-CNx:H deposited on the earthed electrode seems almost similar to a-C:H 
deposited from pure methane. However, the Tauc optical bandgap decreases with increasing and 
negative self bias. The bias at the surface of the earthed electrode must be low, and therefore the 
nitrogen is thought to cause this change. Even if the surface bias is low, the number of the nitrogen 
radical can be assumed to be larger at the surface. Nitrogen tend to bond preferentially with sp^ 
character,*^ which means the nitrogen will induced graphitisation. This will then reduce the
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gi'aphitisation should result in hydrogen loss, and the increase of the refractive index is thought to be 
reflected in this hydrogen loss as there is the coiTelation between the refractive index and the 
density of the film.^
The films deposited on the driven electrode from methane and nitrogen mixture gas shows higher 
growth rate than the films from pure methane. The growth rate of the a-CNx:H increases with increasing the 
negative self bias, then starts reducing. The Tauc optical band gap decreases with increasing of the negative 
self bias and reaches the minimum when the growth rate reaches the highest value, and then increases.
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Figure 5.21: The growth rate (a) & (b), the Tauc optical bandgap (c) & (d) and the refractive index (e) & (f) versus the 
negative self bias for a-C:H and a-CNx.'H. a-C:H was grown using pure CH4 for (a), (c) and (e), and a-CNx‘Tf were 
depositedfrom 90 % CH4 and 10 % N2 mixture gas for (b), (d) and (f). The filled squares and circles indicate the samples 
grown on the driven electrode and the unfilled ones are deposited on the earthed electrode. The dash lines are for
guideline purposes.
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However, the refractive index continuously increases with increasing negative self bias. The reason for 
the increase of the growth rate can be thought as similar to the argon dilution case, where the nitrogen changes 
the plasma conditions and the surface hydrogen termination is removed more effectively. The increase of the 
refractive index of the film can be explained by the reduction of the hydrogen content, and therefore the sp^  
fraction decreases and the optical bandgap decreases. It might be that the nitrogen content reaches a maximum 
at the optical bandgap point. Then, the optical bandgap increases with increasing the negative self bias. It was 
reported that the nitrogen content reduces with increasing with the negative self bias therefore the 
microstructure of the less hydrogen content film might be comprising of DLC and the increase in the optical 
bandgap clarified.
5.3 Sum m ary of PECVD a-C:H and  a-CNx:H
The properties of a-C:H and a-CN%:H deposited at a process pressure of 200 mTorr were studied. In 
such a pressure region, the multiple scattering is expected and the speed of ions is thought to be reduced by the 
collisions. The higher negative self bias is achieved by higher input power. Therefore, the plasma condition in 
the plasma can be affected such as the presence of more radicals. In addition to this, the negative self bias 
seems still important since above certain value of the negative self bias, the speed of the ions close to the 
driven electrode can be high even after the multiple scattering.
By considering these growth mechanism, the relationship between basic properties were discussed 
such as Tauc gap, refractive index and Raman I(D)/I(G), which are the reflection of the sp^  fraction, density 
and the sp^  clustering. However, it is also important to deposit a-C films which have a wide range of sp^  
fraction without hydrogen. Pulsed laser deposition (PLD) is one of the physical vapour deposition (PVD) 
methods which can produce a wide range of sp^  fractions in a-C films and which can control the incorporation 
of hydrogen or nitrogen depending on whether these gases are introduced into the deposition chamber or not. 
Thus, we will also investigate deposition by PLD in addition to PECVD, as this will allow us to better control 
a wide range of compositions and physical properties of the deposited a-C films.
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Chapter 6
PLD growth of non-hydrogenated a-C 
6.1 Introduction
The possibility of high speed electronic devices, using only amorphous carbon (a-C), with different 
fractions of sp^  bonded caibon layers deposited by pulsed laser deposition (PLD), was reported^ after many 
studies^’'*. The merit of PLD is that it is possible to control the properties of the films, such as the sp^  fr action 
(up to 80-85%)^, by changing the laser fluence and the pressure of gas in the chamber. To understand the 
growth mechanism, the dynamics of a confined laser plume, which was ablated from a graphite target, was 
studied using optical emission spectroscopy (OES) and ultrafast CCD imaging The microsti ucture of PLD a- 
C has been studied using electron energy loss spectroscopy (EELS) providing the sp  ^fraction and the density’. 
Raman spectioscopy indicating the degree of sp  ^ clustering^ and X-ray photoelectron spectioscopy (XPS) 
showing the concentration and the chemical bonding in the films has already been reported.^ The optical 
properties were studied using optical tiansmittance giving the optical band gap such as Eo4 and Eg and 
ellipsometiy giving the refractive index.  ^ Electrical properties have been reported using either sandwich 
structures or coplanar structures^®’^ .^
Lately, a Tauc-Lorentz (TL) model for spectioscopic ellipsometiy (SE) studies was developed and 
applied to a-C^ .^ It can provide the information of the imaginaiy part of the dielectiic constant which relates to 
the joint density of states (JDOS). Therefore, it is possible to discuss the band structure via tiansitions fr om the 
valence to the conduction bands, such as the position, the strength, the broadening for the tiansition peak and 
the Tauc optical bandgap.
However, there are few reports which connect the microstructural, optical and electrical properties 
via the band stiucture. Typically, Tauc and Eq4 optical bandgaps are measured in order to determine the 
bandgap*"*’^ .^ However, when the electrical characterization is discussed, the size of the electrical bandgap is 
important. Here, we show that particulai ly at high electric fields, the optical bandgap is a poor measure of the 
electi'ical gap, especially when sti-ess is present. It is important to discuss the relationship between these 
properties in order to understand the entire picture, and with additional control governed a-C could then be a 
potential electronic material for property-tunable devices.
6.2 Growth of the film
a-C films were deposited using PLD on c-Si, mica and quartz substiates in a vacuum at a base pressure 
of Torr. The surface of the target was cleaned using laser ablation with the laser fluence of 4 J/cm  ^before 
depositions. The repetition rate was fixed at 10 Hz for all depositions. The laser fluence was varied between 4
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and 12 J/cm .^ Growth rate was measured by an AFM using a step created by a mask, and a monochromatic 
ellipsometiy was also used as illustiated in Figure 6.1.
The growth rate of the film increases with increasing laser fluence as shown in Figure 6.1, and 
similar reports can be seen elsewhere**". The higher fluence laser ablates more atoms/ions, with higher speed, 
from the graphite to the substrate. Henley et al.® showed that, in vacuum, the ablated carbon forms a plume 
with a speed that reaches 8 km/s, 400 nm after the laser ablation point at a laser fluence of 10 J/cm ,^ which 
corresponds to more than 100 eV. In F VGA case, it can form ta-C with high sp^  fraction, almost 80 %, at 100 
eV.^  ^At the pressure range in this study (< 10"^  Torr), the molecules inside the chamber should not affect to 
the film properties. Because, the mean free path of air is much longer than the target-substrate distance (6 
cm)*^ . Thus, the collisions between carbon atoms/ions and the gas molecules are not expected while the film 
forming species traversed between the target and the substrate. The carbon plume is thought to reach the 
substrates without significant loss of velocity.
V  Ellipsometer
Laser energy density [J/cm ]
Figure 6.1: The growth rate o f a-C determined by the AFM and the monochromatic ellipsometer.
6.3 Microstructural properties of a-C films
6.3.1 EELS measurement for a-C films
The sp^  content of a-C films was evaluated using electron energy loss spectroscopy (EELS) The 
sp^  fraction can be obtained from EELS using the peak corresponding to a transition from occupied Is to
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empty tï* states in the Carbon K edge spectra. The area of the peak was normalized within the region up to 
294 eV and the area of the peak compared with graphite which is 100 % sp^  bonded carbon^ .^ The density of 
the film can be obtained from the plasmon peak at low loss spectra assuming that the number of valence 
electrons is four for caiboif '^^^.
*12 J/cm
3
d *10 J/cm
8 J/cm
c 6 J/cm
4 J/cm
280 290 300 310 320
Energy loss [eV]
12J/cm
10 J/cm
8J/cm
6J/cm
4J/cm
20 40 60 80
Energy loss [eV]
Figure 6.2: EELS spectra o f  (a) the carbon K  edge and (b) the low loss plasmon peak.
As the sp^  fraction can be obtained using the EELS carbon K edge, the corresponding sp^  fraction can 
be evaluated by simply subtracting from 100 % by sp  ^fraction. The K edge and the low loss spectra ai e shown 
in Figure 6.2, and the sp^  h action and the density of the films were evaluated from these specti a.
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Figure 6.3: (a) the sp^ fraction and (b) the density o f the film as a function o f laser fluence.
The analysis of the EELS carbon K edge and the low loss spectra can extract microstructural 
information such as the sp^  fraction and the density of the film as shown in Figures 6.3. The gradual increase 
of the sp^  fraction and the density of the film with increasing laser fluence are thought to be the consequence of 
ballistic transport of carbon species from the target to the substrate. A higher speed carbon plume has higher 
energy, which can form higher fiactions of sp^  bonding and denser films due to impact densification.
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6.3.2 Raman spectra of a-C films
12 J/cm'
CQ
10 J/cm'
g
s 8 J /c m
6 J/cm^
4  J/cm^ •
800 1000 1200 1400 1600 1800 2000
Raman shift [cm ]
Figure 6.4: Raman spectra for a-C films as a function o f excimer laser fluence.
All the a-C films show similar Raman spectia consisting of only the G peak around 1580 cm'* and 
almost no D peak around 1350 cm'*. The second order TO peak of the Si substiate can be observed at around 
960 cm * as shown Figure 6.4.
Typically, the Raman spectral data were fitted by a Briet-Wigner-Fano (BWF) shape for the G 
peak and a Lorentzian for the D peak^ .^ In this study, the Raman spectra of the a-C films was fitted with only a 
BWF line shape as the sp^  fraction of the film is quite high (over 75 %; see Figure 6.3) and a clear D pealc 
cannot be seen (see Figure 6.5). The fitting parameters; the peak position of the G peak, the FWHM of the G 
peak and the coupling coefficient, Q, are shown in Figure 6.5. Here, the peak position of the G line is the 
corrected position (oomax^ )^ and when 1/Q becomes zero, the shape of the BWF line shape recovers to the
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Lorentzian shape. Larger Q values tend to appear on the a-C films which has high sp^  fraction, and there is a 
consistency with EELS results.
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Figure 6.5: (a) G peak position, (b) G peak FWHM and (c) coupling coefficient Qfor the visible Raman spectra o f a-C
films with BFW line shape fitting.
Raman spectra show almost no D peak, therefore the intensity ratio of the D and G peaks, I(D)/I(G), 
is almost zero. It indicates that the sp^  clustering in the film is low, and such films are classified as tetrahedral 
amorphous carbon (ta-C) as reported elsewhere^^
However, the samples deposited with a laser fluence of 6 and 8 J/cm  ^ might have small D peak 
contributions. The results of the curve fitting of the Raman spectroscopy, the change of the growth rate, the sp^  
fraction and the density of the film shows dispersion around these laser fluences. It might suggest 
microstructural change occurring in this regime, just before the sp^  fraction reaches 80 % as shown Figure 6.3.
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6.3.3 Spectroscopic Ellipsometry
The a-C films were studied using ex situ  UV visible spectroscopic ellipsometiy with a Tauc-Lorentz 
analytical expression for the dielectiic function The TL model for SE fitted parameters is shown in Figure 
6 .6 . The dielectric constant at the high energy region (s«j) is an additional fitting parameter which prevents the 
imaginaiy part of the dielectric constant (Sr) from converging to zero for energies below the bandgap. Four 
parameters describe the imaginaiy part of the dielectric function. A  (eV) is related to the stiength of the 
absorption peak, whereas C is the damping coefficient linked to the FWHM of the absorption peak, hi general, 
the FWHM of the peak increases with increasing strength of the peak. The energy of the maximum transition 
probability and the optical bandgap are described by E q [eV] and Eg [eV], and Eq is always higher than Eg.
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Figure 6 .6 : The parameters o f spectroscopic ellipsomeUy with Tauc-Lorentz model; (a) Tauc optical bandgap Eg, (b) the 
transition peak central energy Eq, (c) the broadening factor C and (d) the strength o f the transition peak A
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jgg increases up to a fluence of approximately 6 J/cm  ^and then decreases with subsequent increases in 
larger fluence, C seems to be unchanged apart from 6 and 8 J/cm .^ Eq changes rapidly from 4 to 6 J/cm  ^then
gradually increases. A increases with increasing the laser power
-O- 4 J/cm
6 J/cm
A - 8 J/cm
10 J/cm
12 J/cm
1 2 3 4 5
Photon energy [eV]
Figure 6 .7: n and k dispersions for different laser fluences.
Figure 6.7 show the refractive index (n) and the extinction coefficient (k) dispersions, respectively. 
The refractive index at 2 eV, is the energy which is normally used for the monochromatic light source 
ellipsometry.
It was obsei-ved that n shows a change depending on the laser fluences. The low energy region of n 
decreases from approximately 3.2 to 2.6 with increasing laser fluence, then the curve becomes almost linear 
and n increases to around 2.8. The dispersion of k is almost the same for all samples apart from at 4 J/cm .^
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6.3.4 Optical transmittance for a-C films
A Varian Caiy 500, UV-VIS-NIR spectrometer was used in dual beam mode for the optical 
transmittance between 190 and 3000 nm (6 .5-0.4 eV). a-C films with a thickness of around 30 nm on quartz 
substrates were used. The transmittance was converted to the absorbance coefficient a  [cm' ]^ to get the optical 
bandgap Eq4 which corresponds to the photon energy at an absorption coefficient of 10'^  cm'\ The Tauc optical
bandgap was also evaluated using, a Tauc plot of versus photon energy {hv). The optical bandgap
(Eo4 evaluated using UV-VIS-NIR optical ti'ansmittance and Tauc gap evaluated using both UV-VIS-NIR 
optical transmittance and SE) are shown in Figure 6.14 (a).
6.4 Electrical properties of PLD a-C films
6.4.1 Electrical characteristics with sandwich structure
A sandwich structure was fabricated for I-V measurements. Highly doped c-Si wafers were used as a 
substrate for the films with 100 nm of DC sputtered aluminum as the back contact. After a-C deposition to a 
thickness of around 30 nm using PLD, 1.5x10"'* mm  ^ circulai' shaped top electiodes was fabricated using a 
shadow mask. The top electrode was DC sputtered and composed of 50 nm of Cr coated with 50 nm of Au. 
The J-E plot of these films are shown in Figure 6.8 (a).
The current densities versus the square root of the electric field for the a-C films are shown in Figure 
6.8 (b). Wlien the log of the current density is proportional to the square root of the electric field at high fields, 
the conduction mechanism could be determined by the Schottky effect at the contact or limited by a Poole- 
Frenkel type of tiansport mechanism through the bulk of the film. In this case, n-Si was used as a bottom 
contact and Cr was used as a top contact, and the J-E cuiwe is seen to be symmetric. This almost perfect 
symmeti-y would not occur if there were asymmetric compositional variations neai* the carbon-metal interfaces 
that restricted the current, or contact effects since the two contacts are different. There is a possibility of 
another mechanism such as back-to-back Schottky barriers with pinned bairiers due to surface states in the 
semiconductor. However, such back-to-back Schottky barriers are unlikely to give such perfect symmetiy. The 
possibility of SCLC was also considered, but the current versus the square of voltage does not show a linear 
region. Thus, the conduction mechanism is not contact limited, but bulk limited and the conduction mechanism 
is believed to be due to the Poole-Frenkel effect.
There might be a surface sp^  rich layer^° and the interface between Si and a-C^ * both with the thickness 
of about 1 nm. However, the conduction mechanism is bulk limited conduction and the effect of these layers 
on the electrical measurement is negligible. The accuracy of the source meter (Keithley 236) is less than 0.1%, 
thus the error caused by the source meter can be negligible.
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Figure 6.8: (a) J-E characteristics and (b) Poole-Frenkel plot of devices deposited at various laser fluences.
The slope of the log J versus curves were used to determine the dielectric constant of these films at 
high electi'ic fields where current transport is more likely to be due to drift as shown in equation (6.1). Poole- 
Frenkel type conduction occurs when trapping centres in the band gap are neutral when occupied by a carrier 
and charged when empty. Therefore, for example, when an electron is excited out of a neutral centre, it moves 
away from a positively charged centre and is subjected to a Coulombic force as shown in Figure 6.9.^^ ’^^
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Figure 6 .9: Schematic diagram o f the Poole-Frenkel effect.
The current density (J) for this situation is given by.
J  -  eNn * E exp
Where,
kT (6 .1)
(6 .2 )
Here, O is the trap depth, E is the ele ctric field across the film, N  is the density of the trapping 
centres, fj. is the effective mobility and y  is the coefficient which changes from one to two depending on the 
number of charged defects and the degree of compensation '^*'^ .^ When y -  I, this equation is identical to the 
classical Poole-Frenkel equation. The dielectric constant of the film can be determined from the Poole-Frenkel 
coefficient given by equation (6.2). A In J versus square root of the electric field plot is used to determine the 
Poole-Frenkel coefficient. Since the Poole-Frenkel effect is governed by the barrier of neutral trapping centres, 
the electric field term in the prefactor can be ignored in situations where the current is limited by the barriers 
rather than transport between trapping centres. This situation is typical of Poole-Frenkel Conduction in 
semiconductor contain relatively small concentrations of defect centres.
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Figure 6.10: In J/E versus square root of electric fields.
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Figure 6.10 shows a In J/E versus the square root of electric fields to analyse whether the In J versus 
square root plot (see figure 6 .8b) can be used or not. There is no clear linear region at high electric fields, 
which implies that In J plot is better than In J/E plot.
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Figure 6.11: The comparison o f dielectric constants evaluatedfrom Poole-Frenkel plots and n  ^from refractive indexes
measured using an ellipsometer.
Figure 6.11 shows a comparison of the dielectric constant evaluated from Poole-Frenkel plots 
displayed in Figure 6 .8(b) with that calculated as the square of refractive index (n )^ from ellipsometry 
measurements with a monochromatic light source. The slope of the log J vs. E’'^  curves between 200-400 
(V/cm)*^ were used to determine the dielectric constant of these films at high electric fields where current
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transport is more likely to be due to drift as assumed in equation [6.1]. Apart from the sample prepared at 4 
J/cm ,^ it is observed that the two techniques give similar values.
This is remarkable because it is notoriously difficult to get values from Poole-Frenkel and optical 
measurements that are anywhere near each other. This is because Poole-Frenkel transport is particularly 
sensitive to the value of y , which in turn depends on the number of charged centres and degree of 
compensation in the layer. The reasonably good agreement for the dielectric constant suggests that y is -1. In 
the case of the samples deposited at 4 J/cm  ^ sample it is possible that y>\,  in which case the dielectric 
constant would decrease and be closer to that measurement optically. It is also noticeable from Figure 6 .8(b) 
that J vs for the 4 J/cm  ^sample is not as straight as it is for the higher laser energies which could be due to 
contact resistance of the higher currents. An IR drop increases the values of the dielectric constant deduced 
from the slope of the characteristic.
6.4.2 Electrical characteristics with coplanar structure
A SEM image of the 100 nm gap over which a-C (4 J/cm^) was deposited is shown in Figure 6.12. The 
dielectric constant of 14.5 was evaluated from In J - E*^  plot in the lateral structure (Figure 6.13) and is similar 
to the value from the sandwich structure (4 J/cm^).
100 nm
Figure 6.12: SEM image o f the 100 nm gap in the lateral coplanar structure.
Using the coplanar electrode, the conduction mechanism along the horizontal direction at high fields 
appears to once more be dominated by Poole-Frenkel type conduction. It is interesting that the surface is
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expected to be a sp^  rich layer, but it does not strongly affect the conduction mechanism along the horizontal 
direction, compared with the sandwich structure.
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Figure 6.13: In J  - plot for Cr coplanar structure.
6.4.3 Activation energy
Electrical measurements were carried out using a Keithley 236 sourcemeter with a temperature 
controlled stage varied between 21 °C and 80 °C in order to evaluate the activation energy ( ) as shown in
Figure 6.14. The activation energy was evaluated from the Arrhenius plot for each field point as shown in 
Figure 6.15. In this case, the activation energy is 0.356 eV.
The activation energy evaluated at several electric fields is plotted as activation energy versus square 
root of electric fields as shown in Figure 6.16. It was also shown that the activation energy is proportional to 
the square root of the electric field at high fields. At high fields, the change of activation energy seems almost 
proportional to the root of electric field, as we would expect in a classical Poole-Frenkel model, where the
activation energy should be equal to “ O -  PppyfE''. These plots show good agreement with the conduction
mechanism in the Poole-Frenkel model and a y  of 1. The only unknown is then the product of trap
concentration and mobility ( N/u * ).
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Figure 6.14: The temperature dependence of I-V measurement of a-C with 4 J/cm .^
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Figure 6.15: The example of the Arrhenius plot at an electric field (2x10"* V/cm).
A value of lO’* (cm-V-s)'* is evaluated as the product * from the conductivity at high field in a-C 
(both 4 and 6 J/cm^). The product did not change with increasing laser energy density during the deposition. 
The reported field-effect mobility in a-C, evaluated from TFT measurements, is less than 10*^  cm^ /V-s^  ^ and
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the mobility in the high field region should be higher than this value. Thus, for a defect density is <10^  ^ cm' ,^ 
the effective mobility which is > 10 '^  cmW*s which seems reasonable.
From Figure 6.16, the depth of the neutral trapping centre was obtained for 4 and 6 J/cm  ^samples; 
0.2 leV and 0.42 eV from the edge of the extended states, respectively.
0.30
(a) 6 J/cmÜ 0.28
ÎT0.17
© 0.164-*
(b) 4 J/cm« 0.15
300 400100 2000
, 1/2* (V/cm)1/2
Figure 6.16: The activation energy versus the square root o f the electric fieldfor a-C films deposited with the
laser fluences (a) 6 and (b) 4 J/cm^.
6.5 Discussion
It should be pointed out again the SE fitting parameters discussed in section 6.3.3 describe the 
imaginary part of the dielectric function, which reflects the joint density of states (JDOS). The valence band 
consists of a  and % bands, where as the empty conduction band consists of a* and n* bands, cj and a* band are
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attributed to the sp^  hybridized cai'bons, whereas n and 71* bands are attributed to the sp" hybridized carbons. 
The 7t and tc* band are closer to the Fermi level compared with a and a*. Therefore, the increase of Lo and A 
can be atti ibuted to the increase of the sp^  tr action measured by EELS. The rapid increase around 6 J/cm  ^may 
again indicate a structural change. The broadening factor C for 6 and 8 J/cm  ^is higher than the other samples, 
which could be attributed to the slight sp^  clustering which can be seen in the Raman spectra. The value range 
of Lg (less than 1.0 eV) is against the general trend of the optical bandgap '^ ’^^  ^which shows that tire higher sp^  
fraction film has a higher optical bandgap as the contribution of the n and 71* bands becomes smaller.
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Figure 6.17: (a) The optical bandgap (Eq^, and Tauc from UV-VIS-NIR and SE), (b) the activation energy measured at 
low electric fields and (c) the refractive index n at 2 eV against the difference laser fluences
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However, there are some reports of non-hydrogenated amorphous carbon films which have a high sp^  
fraction and a low optical bandgap^’’^ .^ There is a peak energy of Ar ions, when Ar assisted sputtering is used 
to deposit high sp^  fraction, dense and high stress films. There is a stress induced sp^  to sp^  transformation over 
13 GPa, thus the sp^  fraction can reach above 60 %. The low optical band gap was attributed to the small sp^  
clusters in the film which were measured by TEM. The origin of the low optical bandgap was attributed to the 
high stress in the sputtered films. Actually, the stress of the PLD a-C films used in this study, especially the 
higher laser fluence films is high. They can be deposited with a thickness up to around 50 nm, however the 
films delaminate when deposited over this thickness due to the internal stress.
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Figure 6.18: (a) dielectric constant evaluatedfrom Poole-Frenkel (PF) plot and r^ (at 2 eV) evaluated from SE, (b) the 
dielectric constant at high energy (X-ray and y-ray region) which is usedfor SE fitting and (c) the conductivity evaluated
from the low electric fields.
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The dielectric constants were also evaluated using the PF plot and compaied with the square of n at 2 
eV from SE as shown in Figure 6.17 (a). The dielectric constant at high frequency and the conductivity at low 
fields are also shown in Figure 6.17 (b) and (c), respectively, n values extracted using the TL model for SE 
gives a better correlation between the dielectric constant, evaluated from PF plot, compared with the former 
report which uses the monochromatic ellipsometiy^^, especially for the sample at 4 J/cm  ^(see Figure 6.11).
The dielectric constant gives the magnitude of the electiostatic attraction between charged centers 
and carriers, and also between oppositely charged canies (elections and holes). The increase in the dielectric 
constant reduces the distance at which a charge caii'ier becomes free from an oppositely charged center'^ ®. 
Increasing the dielectric constant of the films means increasing the free cairier density since most carriers are 
electrostatically bound to a countercharge. Thus, there is a correlation between Sinf and the conductivity as 
shown in Figure 6.11.
Figure 6.18 (a) shows the optical bandgaps evaluated from UV-VIS-NIR and SE. Both the SE and 
the optical transmittance measurements give a low optical bandgap <1 eV, with high sp^  fractions (more than 
70 %). The difference of the optical bandgap obtained by optical transmittance and SE at high laser fluences 
could be that the SE takes into account to the reflection of the film, whereas the optical transmittance does not. 
The other possibility is that these films were veiy absorbing and a lai'ge Urbach tail is present, which is 
reflected in the low optical bandgap. The Tauc gap from an optical transmittance measurement was obtained 
from the Tauc plot, whereas the Tauc gap fr om SE are obtained by simulation as a fitting parameter. As SE 
does not take in account the Urbach tail in the infrared region, when the films have large contribution of stress 
induced localized states in the low energy region, SE would provide smaller gaps. UV-VIS-NIR optical 
transmittance gives the optical bandgap, but this value may not be comparable to electrical gap measurements, 
especially, for high fields.
The activation energy evaluated at the low fields and the refr active index at 2 eV are also shown in 
Figure 6.18 (b) and (c), respectively. As it has already been stated, the conduction mechanism at high fields 
was confirmed to be Poole-Frenkel bulk limited conduction. It means that the conduction band contiibutes to 
the conduction only under high electi'ic fields. Therefore, the possible conduction mechanism for low electi'ic 
fields is thought to be the band tail hopping'*\ This occurs via the defects (bandtail) above the Fermi level, if 
the Fermi level lies in the bandgap. In such a case, the activation energy indicates the energy between the 
defects and the Fermi level. Such defects ai e thought to be the bottom of the empty localized tt* band or stress 
induced localized states close to the Fermi level. Then the low activation energy such as approximately 0.1 eV 
can be explained. The higher activation energy at a laser fluence of 6 J/cm  ^was attributed to a higher fr action 
of sp^  bonds (reduction of sp^  clusters). The reduction of the activation energy over 6 mJ/cm^ could be 
attributed to the increase of stress induced localised states.
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6.6 UV pu lsed  la se r  irradiation (annealing) of a-C
6.6.1 Introduction
a-C has been used for several applications mainly exploiting its mechanical properties, such as a 
protective layer for hard disc drives as the high sp^  fraction films have high hardness,'*  ^smooth surface'*^  and 
low friction.'*'* Thermal annealing has been a common technique used to improve the electrical properties of 
materials or contacts. Theimal annealing has been applied to a-C and the thermally induced graphitization; 
transition of the hybridization from sp^  to sp^ , the sp^  clustering and reduction of the stress, has been observed 
in tetrahedral amorphous carbon.'*^
Pulsed UV laser annealing has been used for the crystallization to hydrogenated amorphous silicon'*^ ’'*®. 
The merit of the pulsed laser annealing (PLA) at UV is that the laser is absorbed close to the surface, therefore 
the effect to the substrate is minimal compared to thermal annealing with a furnace or oven. PLA at visible and 
infiared region for a-C:H deposited by PECVD has been reported and the ablation of the films has been 
observed with the laser energy density (over sub-J/cm^ ).'**’ In this study, we report the effect of PLA with UV 
laser on non-hydrogenated a-C films.
6.6.2 Growth and laser irradiation of PLD a-C films
a-C films were deposited using PLD on highly doped c-Si substrates in vacuum at a base pressure of 
10'® Torr. The surface of the target was cleaned by laser ablation before deposition with an energy density of 
12 J/cm .^ For film deposition, an energy density of 4 J/cm  ^was used at 10 Hz. The substrates were placed 6 cm 
away from the graphite target. The 80 nm thickness of a-C films were deposited with a growth rate of 
8.5 nm/min.
PLA of deposited samples was performed with the same laser in a stainless steel vacuum chamber with 
a quartz window mounted on an automated translation stage.'*^  An 8x3 mm  ^ asymmetric pulse was scanned 
along the film at 2 mm/s at 20 Hz repetition rate. Energy densities of 30, 60, 90 and 120 mJ/cm^ were used at a 
base pressure of 4x10"* mbar.
6.6.3 Raman spectra of a-C films
Figure 6.19 shows the Raman spectra of laser annealed a-C films. There is no significant change with 
increasing the laser energy up to 90 mJ/cm .^ However, the D peak intensity increases at 120 mJ/cm  ^ PLA, 
compared with the other samples with both excitation wavelengths.
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Figure 6,19: The visible Raman for laser annealed a-C with (a) 514.5 nm and (b) 782 nm laser.
The Raman spectra was curve fitted using Breit-Wigner-Fano (BWF) line shapes to the G peak and 
Lorentzian line shape to the D peak.^ ’^'^  ^ The cui*ve fitting shows the increase of the G peak position and 
I(D)/Î(G) for 120 mJ/cm^ sample as shown in Figure 6.19. It indicates the sp^  clustering at this energy. The 
increase of the G peak position and the decreases of the I(D)/I(G) with decreasing wavelength of the exciting 
laser has also been reported elsewhere.^® Raman spectia with both excitation wavelengths give similar trends to 
that of thermal annealing."*^  Therefore, the PLA seems to work in a similar manner to the theraial annealing.
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Figure 6.20: The G peak position and I(D)/I(G) o f Raman spectra depending on the annealing laser energy with (a) 514.5
nm and (b) 782 nm laser.
Longer excitation wavelengths excite larger clusters with lower bandgap and lower frequency 
breathing modes.^° Figure 6.20 (b) shows that the larger excitation wavelength shows larger I(D)/I(G), 
therefore it indicates the presence clusters even in as deposited films. It is possible to estimate the cluster size 
following equation.^®
/(D )
/(G ) = C '(A )I: [6.3]
where, C’ -0.0055 is the constant at 514 nm excitation laser and La is the cluster size. Before laser 
annealed, PLD a-C films seems to be ta-C and the clustering is not thought to occur. The cluster size is 
estimated to be about Inm if the films is a-C.
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6.6.4 Electrical characterisation
Electrical characterization of the films was carried out using sandwich strictures. Highly doped c-Si 
wafers which had DC sputtered aluminium with a thickness of 100 nm as a back contact was used for a bottom 
contact for the a-C films. A circular top electrode with an area of 1.5x 10"'* cm  ^was fabricated by DC sputtering 
through a shadow mask on 80 nm thickness of a-C films. The top electrodes were Cr with a thickness of 50 nm. 
Electrical measurements were canied out using a Keithley 236 sourcemeter at room temperature.
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Figure 6.21: (a) J-E characteristics, (b) Poole-Frenkel plot and (c) resistivity at low electric fields.
The current density versus electi'ic fields (J-E) characteristics is shown in Figure 6.21(a). The 
conduction mechanism of a-C films is different between the low and the high electric fields (more than
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10“' V/cm = 100 [V/cm]"'). The J-E curves seem symmetric, which implies the conduction mechanism is bulk 
limited. Because, if the conduction mechanism was the contact limited, the two different metal electrodes (the 
bottom and the top) with give asymmetric J-E curve. The most possible conduction mechanism at high fields is 
Poole-Frenkel, when it is a bulk limited conduction process. In such a case, the log of current density is 
proportional to the square root of the electric field at high fields as shown in Figure 6.21(b). The current 
density (J) for this situation is given by equation [6.1].'^
The resistivity obtained from the low electric field region decreases with increasing laser energy as 
shown in Figure 6.21(c). The decrease of the resistivity seems to be thermal induced graphitization, without sp' 
clustering as the I(D)/I(G) does not change'^^ . It is possible that the transformation from sp' to sp' occurs in an 
sp' matrix as isolated manner with no percolation paths.
6.6.5 Surface morphology
A Digital Instruments, Dimension 3100 atomic force microscope (AFM) was used to analyse the surface 
topography in the tapping mode. The RMS roughness of the surface was estimated from AFM data. From the 
AFM analysis, it was estimated that the RMS surface roughness are < 0.3 nm for both as deposited and laser 
irradiated films.
6.6.6 Discussion
Figure 6.22 (a) shows the as deposited a-C films, with small sp' clusters in the sp' matrix. Figure 6.22 
(b) shows the laser annealed a-C films with the laser energy density between 30-90 mJ/cm', with increased 
number of the sp' clusters, but still the size of each cluster is small. Figure 6.22 (c) shows a-C films laser 
annealed with the laser energy density of 120 mJ/cm'. The size of the sp' clusters increase, sp' sites are now 
thought to be acting hopping centres at low electric fields, and the neutral trapping centre at high electric fields 
in the films. Decrease of the resistivity with increasing laser energy (30-90 mJ/cm') can be explained by the 
increase of hopping sites (sp' clusters). The slight increase of the resistivity from 90 to 120 mJ/cm', could be 
attributed to the sp' clustering. When sp' clustering occurs, the (absolute) number of sp' clusters might be 
reduced, which then results in a resistivity increase since the hopping sites and the neutral trapping centre sites 
reduce, and they are further way from each other.
This observation suggests that the UV-PLA process with the laser energy density up to 120 mJ/cm' 
does not modify the surface. Whereas, visible and infrared lasers ablate the surface of a-C:H films and glassy 
carbon, with the laser energy density in the sub J/cm' region.'*
The laser ablation of the a-C:H films can be attributed to the fact that the laser energy density is higher 
than in this study. Bounouh et. al. showed that hydrogen is lost due to the thermal annealing." The loss of the 
thickness of the films and the change of the properties, such as loss of the optical bandgap, sp' fraction in 
addition to the hydrogen loss were reported with increasing annealing temperature.
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Figure 6.22: The cluster model (a) as deposited a-C, (b) laser annealed a-C with the laser energy density o f 30-90 
mJ/cm^ and (c) laser annealed a-C with the laser energy density o f 120 mJ/cm^.
6.7 Conclusion
The microstructural, optical and electrical properties of pulsed laser deposited high sp' fraction a-C 
films were studied by analyzing the band structure. The Tauc-Lorentz model for spectroscopic ellipsometry 
appears to be better than the monochromatic ellipsometry, as the parameters show good correlation with the 
other measurements, such as the electrical measurements, EELS and Raman.
These measurements show high sp' fractions, but a low optical bandgap ta-C films. This low optical band gap 
is attributed to the high sp' induced localized states in the gap via stress. The microstructural change seems to 
occur before the sp' fraction of the film exceeds 80 %. In such a region, the optical bandgap evaluated from 
UV-VIS-NIR and SE are different. This is attributed to the presence of the Urbach tail like stress induced 
localized states.
A narrow co-planar electrode structure with a gap of 100 nm gives similar results to a sandwich 
structure. The conduction mechanism through the amorphous carbon was Poole-Frenkel dominated at high 
fields. The dielectric constant obtained from Poole-Frenkel conduction, and the refractive index measurements 
obtained from SE were comparable.
The activation energy changes from 0.18 eV (4 J/cm') to 0.36 eV (6 J/cm'), then decreases with 
increasing laser fluences at low electric field, and was lowered by an amount expected from classical Poole- 
Frenkel conduction, which was proportional to the root of the electric field at high fields. The higher activation 
energy at low electric field at higher laser power was attributed to a higher fraction of sp' bonds consequently 
giving rise to smaller numbers of sp' clusters. But, when the sp' fraction exceeds 80%, the stress induced 
localised states seem to appear.
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The product Nfi * was determined to be ~ 10*^  (cm V s)"\ This high value is consistent with known 
defect densities in these materials and suggests that the relatively low activation energies were due to the 
presence of a defect band. Under the assumption such as defect density is <10" cm"', the effective mobility is 
estimated as >10"' cm'/V-s , which appears to be reasonable. The neutral trapping centre seems to locates 
0.2 leV and 0.42 eV far from the edge of the extended states for 4 and 6 J/cm' samples, respectively.
The electrical conduction mechanism at the low electric fields seems to be dominated by band tail 
hopping at the bottom of the localized n* band or a stress induced localized bond or states close to the Fermi 
level. When high electric fields are applied, the conduction band can contribute to the conduction as Poole- 
Frenkel conduction becomes the dominant mechanism. Thus for future nano-electronics devices, such as 
resonant tunneling diodes, operating in the high field regime, the optical bandgap may be a misleading 
parameter for deteimining the electrical bandgap.
Furthermore, UV-PLA was carried out on non-hydrogenated PLD a-C films. Resistivity of the films 
decrease with increasing laser energy density, without changing the surface roughness. The reduction in 
resistivity is explained as due to thermally induced graphitization of films, sp' clusters has a important role for 
the conduction of a-C films, and the results of PLD are consistent with the former results. The improved 
conductivity observed by PLA while maintaining the surface smoothness is a sophisticated technique for a-C 
device fabrication. Thin film based devices (such as resonant tunneling diode) requesting accurate thickness 
control and smooth surface may be fabricated using this process.
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Chapter 7
PLD  a-CNx
7.1 Introduction
During the last few years, carbon nitride (a-CN^) has emerged as a material of high technological and 
scientific interest '^*’. The interest in carbon nitride has been renewed due to its potential as an electronic thin 
film for both cold cathode displays’ and electrode materials in electrochemical studies of water tieatment.^ 
Electronic properties have been reported for both hydrogenated and non-hydrogenated amorphous carbon 
nitride. In paticular it is found that nitrogen incoporation has a beneficial effect on electi'ic field emission at 
low microscopic applied fields by reducing the threshold electric field^’^ °. The efficient inhibition of redox 
decomposition reactions of water using a-CN or a-CN:H electrodes, over a 3 to 4 V potential window, as 
compared to only about 2 V for metal electrodes has also introduced potencial applications.” '^  ^Additionally, 
the deposition of nitrogen-containing amorphous carbon has received particular attention following the 
theoretical predictions of a ulti a hard silicon-nitride-like phase, i.e., /^ -C3N4” ’” . According to these predictions 
this phase would have insulating properties, hardness and thermal conductivity comparable to those of 
diamond.
Carbon niti ide thin films can be deposited by a vaiiety of deposition techniques namely sputtering^ ,^ plasma 
enhanced chmical vapor deposition (PECVD)^ '^” , filtered cathodic vacuum arc (FVCA)^^’^ ,^ election cyclotion 
wave resonance (ECWR)^ ®, mass selected ion beams deposition (MSIBD)^', and integrated distiibuted electron 
cyclotron resonance (IDECR)^’. Among the deposition techniques, pulsed laser deposition is a well-
established technique for a-CNx thin film deposition that allows for the tuning of the structural, optical and 
electronic properties under vaiying growth conditions. Understanding the stiucture and the physics of 
amorphous carbon, as well as its alloys, is essential to improve electionic properties of cai'bon based 
amorphous semiconductors such as carrier mobility, dielectric properties of low k carbon-based films.
This study aims to investigate a series of PLD gi'own carbon nitride films with the aim of correlating the 
microstmcture, with the optical and the electronic transport properties for vaiying laser fluences and Nz 
pressure.
7.2 Film deposition
Pulsed laser deposition of non-hydrogenated carbon nitiide films have been investigated quite 
extensively over the past years. Most films have been produced by deposition onto a suitable substrate 
following nanosecond ultraviolet pulsed laser ablation Of a giaphite target in a low-pressure nitiogen gas 
atmosphere.^*‘^ ° The deposition was cairied our using the same system used for PLD a-C, which mentioned in
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Chapter 6. The chamber was back filled with during thin film deposition. The surface of the target was 
cleaned using laser ablation with a laser fluence of 4 J/cm  ^before depositions. The substrates were placed 6 cm 
from the graphite target. A series of a-C and a-CN% films were deposited onto quartz, c-Si and mica substrates 
at laser density power between 4 and 12 J/cm  ^for various nitrogen pressures with the repeatation rate of 10 Hz. 
Cleaning of quartz, c-Si and mica substrates were cleaned using a same method described in Chapter 6. The 
typical thicknesses of the PLD deposited films were around 30 nm.
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Figure 7,1: N2 gas pressure dependence for the growth rate o f a-CNx films deposited with different laser fluences; (a) 4
J/crr^ and (b) 12 J/cm^.
The surface roughness and the growth rate of the fihns obtained using a step, were measured by an 
AFM as shown Figure 7.1. The growth rate increases above N2 pressure of a few mTorr. It is thought that the 
increase of the grovrth rate can be attributed to the nitrogen incorporation, therefore N2 pressure above 10 
mTorr was chosen for the sets of the experimtents.
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7.3 Microstructure of the a-CNx films
7.3.1 EELS
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Figure 7.2: The EELS spectra o f a-CN^ films for different background nitrogen pressures and laser fluencies (a) 4 J/cm^
and (b) 12 J/cm^.
The sp^  content of our films was estimated using electron energy-loss spectroscopy (EELS) 
technique^^’^ '^^ .^ Additionally, the nitrogen content can be evaluated by comparing the carbon K edge and a 
nitiogen K edge^ '^ . The valence electron density of the film can be evaluated from plasmon energy in the low 
loss spectrum. It must be noted that the density of the film can be obtained assuming that the number of 
valence electrons is four for carbon and five for nitrogen^ .^
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Figure 7.3: The nitrogen gas pressure against (a) sp^ fraction, (b) N  content and (c) density for laser fluence o f 4 and 12
J/crr^.
The obtained EELS spectia and results derived for the films density, sp^  and nitrogen content, for 
varying nitrogen pressures and laser power densities, are shown in figures 7.2 and 7.3, respectively.
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7.3.2 R am an spectroscopy
Raman spectroscopy is one of the most popular techniques for the non-destructive analysis of 
amorphous carbon and its alloys that provides important structural information^ *"'^ .^ The recorded spectra 
between 800 and 1800 cm'* are shown in figure 7.4.
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Figure 7.4: The visible Raman specti'a of a-CN% films for different nitrogen pressuies and laser fluences of (a) 4 J/cm^
and (b) 12 J/cm^.
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As a consequence of resonance effects, Raman is much more sensitive to % bonds than to a bonds. In 
addition to the second order TO peak of the Si substrate at about 960 cm'*, the spectra show the usual 
amorphous carbon vibrational features, namely a G peak at 1500-1580 cm * and a weaker D peak around 1350 
cm'*. The Raman spectra was curve fitted using the Breit-Wigner-Fano (EWF/**’"** line shape to the G peak and 
Lorentzian line shape to the D peak^ ®. The fitting results for the integrated D and G intensities ratio, the G line
width and the G line position (comax^ )^ are shown in figure 7.5,
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Figure 7.5: (a) I(D)/I(G) peak intensity ratio, (b) the FWHM of the G peak and (c) the G peak position for laser fluences
of 4 J/cm^ and 12 J/cm^.
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7.3.3 Spectroscopic ellipsometry (SE)
The fitted parameters of the TL model, as well as the refi'active index (n) and the extinction coefficient 
(k) dispersions are shown in figures 7.6 and 7.7, respectively. The Tauc Lorentz SB model fitted parameters 
are shown in figure 7.6, and the detail has already mentioned in Chapter 6.
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Figure 7.6: Specù'oscopic ellipsometfy Tauc Lorentz model parameters; (a) Tauc optical band gap Eg, (b) the broadening 
factor Q (c) the transition peak central energy Eq and (d) the strength o f the transition peak A.
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n and k dispersions are quite different for a-C with different laser fluence. However, once the N% is 
introduced to the deposition chamber, the films show similar dispersions on both the laser fluence of 4 and 12 
J/cm .^ The decrease of the n indicates less denser films with increasing the N2 pressure.
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40 mTorr 
^ ^ ^ 6 0  mTorr 
—^ —80 mTorr
r 4 J/cm
’12 J/cm« 2 . 4  
' 3 2 . 1
1 2 3 4 5 6
Photon energy [eV]
Figure 7.7: n and k dispersions for different background nitrogen pressures and laser fluencies o f 4 J/cm^ and 12 J/cnf
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7.3.4 Optical transmittance
Films deposited on quartz substrates were also used for these optical measurements. The optical 
characteristics of the films for various deposition conditions derived from SE and UV-VIS-NIR are 
summarized in figure 7.8.
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Figure 7.8: The optical band gap (Eq4 and Tauc from UV-VIS-NIR and SE) and the activation energy measured at low 
electric fields against the nitrogen gas pressure for laser fluences o f (a) 4 and (b)12 J/cm^.
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7.4 Electrical characterisation
Electrical characterisation was carried out using sandwich structures which details are described in 
Chapter 6. The J-E characteristics are shown in Figure 7.9. It seems that the films become more resistive with 
increasing nitrogen pressure for both laser fluences that were used. This is consistent with the SE analysis 
which concluded a lower defect density with increasing nitrogen pressure, as well as the optical analysis which 
showed an increased bandgap which would increase the resistivity of the films.
□ 0 mTorr
20 mTorr 
^ 40 mTorr
T 60 mTorr
O 80 mTorr
-2x10 -1x10 2x10
Electric field [V/cm ]
Figure 7.9: J-E characteristics of devices deposited at various nitrogen pressures and laser fluences (a) 4 and (b) 12 J/cm^.
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It was found that some samples were under stress and failed at high electric fields. In most cases, 
electric fields less than 2.0x10^ V/cm should be applied for reproducible results. In the Case of a-CN  ^deposited 
at 80 mTorr, and a laser fluence of 4 J/cm ,^ the field was limited to l.GxlQ  ^V/cm.
The conduction mechanism at high electric fields is normally different to that at low fields'^ .^ Figure 
7.10 shows the log of the current density versus the squai'e root of the electric field at room temperature, 
against the nitrogen pressure for laser fluences of 4 and 12 J/cm .^ At electric fields higher than lO'^  V/cm, there 
is a linear dependence revealing that the main conduction mechanism appears to be either Poole-Frenkel bulk 
limited or Schottky barrier contact limited conduction.
(a) 4 J/cm
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^  40 mTon
▼ 60 mTon
O 80 mTon ^ 1 0 ' H — I— I— I— Ig  f  (b) 12 J/cm 
'TJ 10®
10 r *
100 200 
E''' [(V/cm)''"]
300 400
Figure 7.10: Poole-Frenkel plots against N2 pressure for laser fluences o f (a) 4 J/cnf and (b) 12 J/cm^
115
___________________________________________________________________________________________________________________________________________________________________________________________________________________ PLD  a-CNx
For these samples two types of contacts were used. One was the n^-Si substrate while the other was a 
Cr top contact. However, the J-E characteristics seem to be quite symmetric indicating that the conduction 
mechanism is not determined by the contact. Thus, we come to the conclusion that the conduction mechanism 
for these films appear to be limited by Poole-Frenkel conduction through the bulk of the film as same as PLD 
a-C. The detail of the Poole-Frenkel conduction including the equations is written in Chapter 6.
F—10.14
. 2  0 .1 1
e ''" [(V/cm)^ '"]
Figure 7.11: The activation energy versus the square root o f the electric fieldfor a-CNx film deposited in 20 mTorr N2
gas with a laser fluence o f 12 J/cm^.
The activation energy Eg is plotted out in figure 7.10, which was derived assuming an Arrhenius 
relationship between current and inverse temperature. The activation energy is proportional to the square root 
of electric fields, which indicates the barrier hight is reduced in proportion to the square root of electric field 
such as expected for the Poole-Frenkel model.
7.5 Surface mophology
The surface morphology was measured using AFM and the RMS roughness was evaluated from Ip 
square region as shown in Figure 7.12. The surface roughness is small (less than 0.5 nm) for low N2 pressure, 
then it becomes larger. It can be attributed to the carbon clustering during the transport from the target to the 
substrates.'*^
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Figure 7.12: Nÿ gas pressure dependence for RMS surface roughness with two different laser fluences; (a) 4 J/cm^ and (b)
12 J/ci-ff.
7.6 Results and discussion
Pulsed laser ablation (PLA) of graphite results in the deposition of quite different carbonaceous 
structures depending on the pressure of ambient gas in the chamber. Henley et al^  ^ investigated the PLA 
mechanism of a gi aphite target in a chamber that contains Ar. The energy of the ablated caibon ions exceed 
100 eV in the vacuum when a laser fluence of 10 J/cm  ^ is used. When the Ar pressure is increased, the plume 
speed decreases. When the Ar background pressure exceeds 20 mTorr, a shock wave like plume movement is 
obsei^ved and the speed reduces to around 8 km/s, 400 ns after the ablation. The speed reduces to 2.6 km/s after 
800 ns with the Ar background pressure at 154 mTorr. Additionally, Fuge et al investigated the plume
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dynamics during nanosecond and femtosecond ablation of graphite in nitrogen'*'^ . These studies must be 
carefully considered in order to understand the microstructural differences initially revealed by EELS and 
Raman.
Following Fuge et at^, a nitrogen background pressure between 20 mTorr and 80 mTorr was chosen. 
This is because the plume shows a shock wave like propagation for pressures above 20 mTorr, meaning that 
the transport of the carbon atoms/clusters shows diffusive rather than ballistic character at this pressure range. 
The most important factor that controls the deposition process as well as the nitrogen incorporation (and 
consequently the films structure) is the number of the collisions that occur between the nitrogen molecules and 
the laser ablated carbon atoms/ions/clusters in the chamber once the nitrogen gas is introduced. The mean free 
path of the nitrogen gas at the pressure of 0.75 mTorr (1 mbar) has been reported to be of about 5 cm"*^ . Taking 
into account that this distance is shorter than the distance between the substrate and the target (6 cm in our 
experimental setup) and the nitrogen pressure is much higher (20-80 mTorr) we can safely assume that at least 
one collision of the ablated carbon spiecies with a nitrogen molecule is expected before the carbon 
atom/cluster reaches the substrate. In such a diffusive transport regime, the nitrogen is expected to be 
introduced into the films. It is clear then that the increase of the nitrogen pressure results in an increase of the 
multiple scattering and reduces the speed of the plume (or equivalently the carbon species). The small but 
notable decrease of the film’s density for increased nitrogen pressure (figure 7.3c) can be attributed to the 
reduced energy of the carbon species incident on the substrate. Similar results have been reported for PLA of 
graphite in an Ar atmosphere^®. Figure 7.3b demonstrates that the nitrogen pressure seems to have almost no 
effect on the nitrogen content. It has been shown that the peak of the emission of the CN radicals appears at 
about 8 mm from the target at a nitrogen background pressure of 10 mTorr'^ '*. Additionally, the mean free path 
of nitrogen at this pressure is estimated around this distance assuming that the CN radicals are formed at the 
initial collision. Higher laser fluences ablate more energetic carbon species'*^ . These species have a higher 
probability of reacting with nitrogen and forming CN radicals resulting in higher nitrogen incorporation as 
shown in figure 7.3b. The increase of the sp^  content for increasing nitrogen pressure (figure 7.3a) is due to the 
parallel decrease of the plume speed due to collisions between the carbon species and the nitrogen molecules. 
The pressure range is sufficient to let these carbon species experience diffusive transport before reaching the 
substrate, and the incident speed is not high enough to create high sp® fraction films. Furthermore, N which 
prefers to bond in a planer sp^  configuration dictates bond formation in the plume, which then gets transported 
to the substrate.
The above trends are confirmed by the Raman spectra characteristics that are shown in figure 7.4 and 
the analysis that follows in figure 7.5. Indeed, the G peak position remains almost constant with increasing 
nitrogen pressure (i.e. the nitrogen content). This indicates that N addition has replaced the C=C olefinic 
groups with aromatic groups. Figure 7.5c shows the G-line width variation as a function of the nitrogen 
pressure. Just to note that the G peak width indicates the bond angle distortions in the excited configurations. It
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has been reported'^’ that the G line width decreases with increasing N content indicating loss of disorder of 
small clusters for higher N content. In the nitrogen pressure range 20-80 mTorr, where the results in a nitiogen 
content is about 25 at. % in our films, no G line width variation has been observed. The I(D)/I(G) ratio (figure 
7.5a) shows the same trend. A major effect of N incorporation is the increase of the clustering of the sp^  phase, 
which is indicated by the D peak. The I(D)/I(G) ratio vai iation with increasing niti ogen content confirms that 
the fundamental dependence of I(D)/IiG) is on sp^  clustering.
Figures 7.6(b), 7.6(c) and 7.6(d) show clearly that the increase of tlie nitiogen pressure has almost no 
effect on the films optical properties, a trend that has been shown before in both the EELS and Raman. What is 
remarkable is the small increase of the optical band gap for the increase of the niti ogen background pressure. 
Figure 7.8 shows the optical band gap (both Tauc and E04) that was derived using different techniques. This is 
different to the reported results'^  ^where the nitiogen incorporation increases the sp^  content of the film and 
consequently decreases the optical band gap. First of all, the values for the broadening parameter C lie well 
above the values (generally 0<C<I0) predicted by the TL model. This indicates the high broadening degree of 
the joint density of states appears not to be affected by the niti ogen incorporation. On the other hand, the lower 
energy of the maximum transition probability, as well as those for the stiength of the absoi-ption peak 
(compared to the nitiogen free film), indicates films of low density for higher nitrogen background gas 
pressures. The increasing optical band gap is then attributed to the decreased defect density in the band gap 
since the films get less dense. The obvious difference in the optical properties of the nitrogen free films that 
were grown at different laser fluences is due to the fact that the higher laser fluence forms higher quantities of 
sp® bonded material. Higher sp® fraction films show higher Eq and A values for the nitiogen free a-C, 
especially those gi'own at 12 J/cm .^ An explanation might be that the high sp® fraction films have high internal 
stress which creates localised states in the band gap, and thus low optical bandgap. All the above derived TL 
parameters, especially the Eo and Eg are consistent with this result of a-CNx films.
For a-CNx films, the Tauc optical band gap and E04 estimated from the UV-VIS-NIR optical 
tiansmittance measurements shows comparable values to those derived from SE, and the activation energy 
(figure 7.8) at low electi'ic fields. The small optical bandgap a-C films with high sp® fraction and dense films 
properties have been reported in Chapter 6 and elsewhere'^® and were attributed to high internal stress. The 
small differences between the optical band gap values detei-mined by optical transmittance and SE might be 
due to the reflectance or the presence of localized stress induced states. The laigest difference was obsei'ved for 
the a-C film deposited at 12 J/cm  ^in vacuum, which has the highest sp^  fraction and hence the highest stress.
The possible conduction mechanism for such low electric fields was reported to be bandtail hopping'^ ,^ 
via the defects (bandtail) above the Fei-mi level. The defect states are thought to lie above the Fermi level and 
the electrical activation energy indicates the energy between the Fermi level and the defects. If the Fermi level 
lies in the middle of the band gap, bandtail hopping seems to occur at the bottom of the empty 71*  band.
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Figure 7.13: The N2 pressure dependence o f (a) The dielectric constant at high energy derivedfrom SE and (b) the 
conductivity at low electric fields less than 10* V/cm at room temperature.
Figure 7.13 (a) shows the Sbf that was obtained from SE. In general, there is a good correlation 
between the dielectric constant obtained from SE and that obtained from conductivity measurements as 
descrived in Chapter 6. Such a con elation is found for a-C and a-CNx grown at 20 mTorr of nitrogen gas (see 
Figure 7.13).
The conductivity of a-CNx appears to be independent of the laser fluence and it decreases with 
increasing nitrogen pressure. This may also be related to the decrease of the number of defects in the bandgap 
due to the decrease of the internal stress. It is belieived that the decrease of the defects in the mid bandgap is 
reflected by the decrease of the activation energy at low electric fields. In this region, the conduction 
mechanism seems to be hopping within a defect band, and the conductivity decreases with increasing 
activation energy and a decrease of the defect density in the bandgap.
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Figure 7.14: The dielectt'ic constant obtained from Poole-Frenkel (PF) plots and n  ^at 2 eV extt'actedfrom n and k
dispersions with monochromatic ellipsometry.
Low sp^  fraction PECVD deposited a-CNx:H films show an increase in activation energy with 
increasing niti'ogen content and a nitrogen based weak compensation induced doping effect^°’^ \ However, the 
activation energy was measured with much higher temperature than in this study, thus the activation energy
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was attributed to the activation from the Fermi energy to the conduction band. Therefore, the reported 
activation energy is more than 0.5 eV and considerably higher than the values shown in this study.
The application of the classical Poole-Frenkel (y=l) conduction model of a-C & a-CNx can provide us 
with the dielectric constant. These values, as well as those for the square of the refractive index n (at 2 eV) 
were derived from the TL model dispersion curves (Figure 7.7) are shown in figure 7.14, along with the ones 
calculated from single wavelength ellipsometry. It is demonstrated that the approximations that were used for 
both optical and electrical measurements are very consistent. Additionally, the decrease of the refractive index 
(at 2 eV) for increasing nitrogen gas pressure is consistent with the decrease of the films density^  ^as discussed 
earlier. This data gives us significant confidence that the electrical analysis performed above is consistant with 
the microsti'uctual and optical analysis that has been conducted.
If the Poole-Frenkel conduction mechanism dominates at high fields, then the activation energy should 
be proportional to the square root of the electric field. An a-CNx film that was grown at the laser fluence of 
4 J/cm  ^ in 20 mTorr nitrogen gas was measured to check for the change in activation with electric field as 
shown in figure 7.11. The estimated trapping center depth was found to be about 0.16 eV. In addition, the 
product Njj.* can also be evaluated using the above equation. For the device used in figure 9.9, Np* was 
estimated to be about 3x10^  ^(cm*V-s)'  ^ Investigation using electron spin resonance (ESR), provides a defect 
density of less than 10^  ^ cm'  ^ for non-hydrogenated a-C^  ^ and 10^  ^cm'  ^ for sputtered a-CNx^ '*. Assuming that 
the density of the neutral trapping centers is less than this value, the mobility is higher than 10"^  when
N<10'^ cm‘^  for a-CNx films. This is consistent with the reported field effect mobility of a-CNx being up to 
about 10"^  cmWs^^’^*’. The field effect mobility is estimated from low electric fields (<10  ^V/cm), whereas the 
effective mobility in the conduction band uses the Poole-Frenkel plot at high electric fields (>10"* V/cm). At 
low electric fields, the conductive mechanism is thought to be a hopping process through the defect band, 
whereas the PF effect occurs at the bottom of the conduction band. Thus, the mobility estimated from PF plots 
can be higher than that extracted using field effect transistor measurements. This again is acceptable as the 
mobility estimated from the PF plot seems to be in reasonable agreement with the limited data on mobilities 
found in the literature.
The growth rate and the surface roughness of the films increases at high nitrogen pressure over 10m 
Torr. Multiple scattering is expected such conditions, thus the carbon ions and atoms experience more 
collisions. Consequently, a lower speed is expected at higher nitrogen pressure and the films is less 
compressed. This growth mechanism of the films, the multiple scattering due to the nitrogen molecules, 
changes the optical and electrical properties.
The analysis performed also gives us renewed hope that a-CNx could be used as an electronic material 
to form memory devices or even high speed tunnel devices when designed in a suitable manner appropriate to 
exploit its tunable microstructual properties '^ .^
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7.7 CONCLUSION
This study demonstrated that a-CNx films can be made using PLD with nitrogen contents up to 25%. A series 
of techniques were applied for structural, optical and electrical characterisation, namely, EELS, Raman 
specti'oscopy, SE and UV-Vis-NIR specti'oscopy along with I-V measurements. We believe a wide range of 
measurement techniques can give a more precise relationship between the microstructure and the band 
structure which defines die optical and the electrical properties. Without this knowledge, we will not be able to 
exploit the electronic properties for device fabrication.
It has been shown that nitiogen incorporation changes the sp^  fraction of the films. Once nitrogen was 
incorporated, no strong dependence on the nitrogen gas pressure and laser fluence on the microstructure was 
found. However, the background pressure during the deposition does affect the density which can in turn affect 
the sti'ess in the films, and hence the localized states in the bandgap. Therefore, an increase in the nitiogen 
pressure, decreases conductivity and increases of optical band gap.
Two types of conduction mechanism were found for low and high electric fields. Band tail hopping appears to 
be the dominant conduction mechanism at low electric fields while Poole-Frenkel conduction was confirmed 
to dominate conduction at high fields. The fact that transport is dominated by hopping between localized 
neuti'al defects suggests that shallow nitrogen donors are not present in large concentrations.
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Chapter 8
Band structure modification of PLD a-C induced by nitrogen 
incorporation and device fabrication
8.1 Introduction
According to simulations* a-C is a slightly p-doped material due to the presence of acceptor-like 
defects. This was confirmed by scanning tunnelling spectroscopy (STS) measurements which provides data on 
the local density of states (LDOS) close to the Fermi level. The valence band structure of a-C was analyzed 
using ultraviolet photoelectron spectroscopy (UPS),^ *^  and has been shown to consists of a  and n bands.
S T M  tip
^  e-
h e a t  (5 )
D O S J O G S
Figure 8.1: The schematic diagram o f the measurement principle (a)the density o f state and (b) the joint density o f states.
(1) EELS, (2) STS, (3) UPS, (4) optical transmittance and (5) PDS.
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Silva et. al. reported the effect of n-type doping through nitrogen incorporation in hydrogenated 
amorphous carbon (a-C:H) films.  ^Arena et. al. shows that STM measurements on amorphous carbon nitride 
also indicated that a shoulder of the conduction band becomes steeper, when nitrogen is incorporated, which is 
an effect of n-type doping. '^^
In addition to the % and ct band of carbon, the UPS spectra of non-hydrogenated^ and hydrogenated*® a- 
CNx exhibit contributions attributed to graphitic C-N and the nitrogen lone pair which can be seen in P-C3N4 
like structures. The presence of the N lone pair was also confirmed by direct current -  constant photocurrent 
measurement (dc-CPM) and photoconductivity measurement, assuming the transition from this N lone pair to 
the empty tc* band takes place.**
Electron energy loss spectroscopy (EELS) can provide information on the empty conduction band in 
the carbon K edge as it corresponds to the transition from Is to the empty conduction band.*  ^Here, the Is state 
can be regarded as having a narrow energy width akin to almost the ideal, thus the EELS carbon K edge can be 
treated as the shape of the empty conduction band. Therefore, it is possible to get the whole image of the 
DOS/band structure, if one performs these three types of measurement on a material, taking into account the 
fact that UPS and STS are surface techniques, and, EELS gives in principle bulk information. There are two 
main differences between these techniques. At first, EELS gives the bulk information since the information is 
obtained using transmitted electron through samples whereas UPS and STS are the surface analysis. Secondly, 
EELS and UPS obtain the information from relatively large areas compared with STS, since STS detects 
tunneling between an atomically sharp tip and the surface of the sample. Therefore, the DOS evaluated by STS 
is different from the DOS evaluated using other techniques, and called Local density of state (LDOS).
In order to investigate the band structure more accurately, the joint density of states (JDOS) is an 
important issue to discuss. JDOS is the transition from the valence band to the conduction band, therefore the 
change in the valence and conduction band is reflected in the JDOS. Optical transmittance and photothermal 
deflection spectroscopy (PDS) were also measured in order to understand the whole band structure, especially 
the structure close to the bandgap. It is important to understand the effect of nitrogen incorporation against the 
band structure in order to develop carbon-based electronic devices.
Figure 8.1 shows the principle of the measurements of DOS (EELS, STS and UPS) and JDOS (optical 
transmittance and PDS). Thus, when these measurements are carefully considered and integrated into a single 
framework, the whole picture of the band structure is more easily accessible.
8.2 Band structure change
8.2.1 Film deposition
a-C films were deposited using PLD on n-type Si substrates (phosphor doped, p = 0.01 Q cm) after a 
cleaning process with several solvents, and subsequently placed inside a vacuum chamber which had a base
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pressure of ~10"^  Ton*. The surface of the target was cleaned using laser ablation before deposition with 4 
J/cm .^ The repetition rate of the laser pulse was fixed at 10 Hz for all depositions. The laser energy density was 
fixed at 4 J/cm  ^for both a-C and a-CNx measurements. N2 gas with pressure of 40 mTorr was introduced to the 
chamber for a-CNx during deposition. a-C/a-CNx films with the thickness of 30 nm was deposited on the 
highly doped c-Si substrates. An a-CNx sample deposited with the laser fluence of 12 J/cm  ^in 20 mTorr of N2 
gas was prepared for UPS measurement of the valence band. The series of the basic physical properties of a- 
CNx films were discussed in Chapter 7.
8.2.2 EELS
Films with a thickness of around 30 nm were floated off from the mica substrate by immersing in DI 
water, and then placed on copper TEM grids. Figure 8.2 shows the EELS carbon K edge which corresponds to 
tlie empty conduction band and the curve consists of ct* and ti* bands. The density, sp^  fraction and the 
nitrogen content can be evaluated from EELS low loss specfra and carbon K edge, and the detail can be seen 
elsewhere.^^
280 285 290 295 300 305 310 315 320
Energy loss [eV]
Figure 8.2: EELS Carbon K edge which corresponds to conduction band.
The sp^  fraction of a-C and a-CNx films were found to be 30% and 60%, respectively. The density of 
a-C and a-CNx films were 2.4 and 1.8 g/cm .^ The nitiogen content of a-CNx film was 18%.
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8.2.3 STS
STM, STS and Current Imaging Tunnelling Spectroscopy (CITS) experiments were performed at room 
temperature in a commercial UHV-STM (Omicron VT Multiscan STM) equipped with a SEM colum using a 
electrochemically-etched tungsten tips. During the experiment, the base pressure in the UHV chamber was 
2x10'" mbar. STM images were recorded in constant current mode, with the sample biased at the range 2.5 V 
and the tunnelling current kept at approximately 100 pA. The STM images were processed and analysed using 
the WSxM package.’^  (WSxM is free software available for download at http://www.nanotec.es). The STS I- 
V cuiwes are taken between -5 V and +5 V with at least 16 positions from a 100 nm x 100 nm image, and are 
averaged in order to get the DOS^ "* over a large area.
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Figure 8.3: STS spectra; (a) Tunnelling current, (b) conductance and (c) normalised conductance which is proportional
to DOS versus sample bias.
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Figure 8.3 (a), (b) and (c) show the averaged tunnelling current versus the sample bias, dl/dV plots and 
the normalised conductance for a-C and a-CN% films, respectively. The normalised conductance is proportional 
to the density o f state, and the minus sample bias shows the valence band of the films, whereas the plus sample 
bias shows the conduction band of the films.
It is remarkable that a-C shows strong peaks at approximately -1.5 V in the bandstiucture. The slope of 
the valence band is steeper than that of conduction band, and it was attributed by the fact that a-C is slightly a 
p-type semiconductor due to the presence of defects.’’^  The narrowing of the bandgap or the increasing of the 
band tail can be obsei'ved on a-CN% films compared with a-C films.
The slope at the bottom of the conduction band in a-CN% becomes steeper than a-C, which indicates 
that the niti'ogen atoms work as shallow donors in a-C.^'^ It is remarkable that a-C shows a strong peak at 
approximately -1.5 V in the bandsti ucture. The slope of the valence band is steeper than that of conduction 
band, and it was attiibuted to the fact that a-C is a slightly p-type semiconductor due to the presence of 
defects.^’® Also, a narrowing of the bandgap or an increase of the bandtail can be obsei-ved for a-CNx films 
compared with a-C films (see figure 8.3). The slope at the bottom of the conduction band in a-CNx is steeper 
than a-C, which indicates that the nitiogen atoms works as shallow donors in a-C.*^ '^  It is clearly observed there 
is a major shift in the conduction band edge due to probably the formation of a mixed C-N conduction band 
edge which narrows the elechical band gap of the a-CNx films considerably. Therefore, relative to the new 
conduction band edge, we now have a shallow nitiogen donor level in a-CNx.
The bandgap was estimated using the conductance of STS following method of Arena et al. as shown 
in Figure 8.7, and will be discussed later.
8.2.4 UPS
An Omicron Multiprobe UHV system equipped with an Omicron EA125 analyzer was used for both 
XPS and UPS experiments. For XPS, specti'a were acquired with a pass energy o f 50 eV and 20 eV for survey 
and higher resolution respectively, using Mg K a  radiation (hv = 1256.4 eV) from a VG XR3E2 twin anode 
source. The base pressure was in the range of 10"^ ° mbar for the entire set of experiments. For UPS, He I 
(21.22 eV) from an Omicron HIS 13 windowless He lamp was used. The pass energy was set to 5 eV for a 2 
mm diameter analysis area defined by the entiance slit to the analyzer. Spectra were normalized to the 
maximum intensity of the inelastically scattered electrons. The work function was evaluated from the cut-off 
of the secondaiy elections with the background. The samples were biased by -3 V for the work function 
measurements in order to accelerate the low kinetic energy electrons. The work function of a-C and a-CNx 
films so determined were 5.0±0.1 eV and 5.1±0.1 eV, respectively.
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Figure 8.4: UPS valence spectra (a) a-C and (b) a-CNx.
Samples were introduced to the UHV chamber immediately after deposition. XPSAJPS measurements 
were carried out without Ar^ sputtering, to avoid inducing changes to the samples due to the graphitization and 
nitiogen loss''. The UPS spectia close to the Fermi level might be affected by oxygen,'* however it should still 
give information on the valence band.^
Figure 8.4 illustrates the UPS valence band spectra of both a-C and a-CNx, and they both show peaks 
associated with the % and a  bands. The peaks around 14 eV in Figure 8.4 (a) and 16 eV in Figure 4 (b) are 
attributed to the inelastically scattered, secondary electrons. The UPS valence band spectra show carbon o and 
n  peak, and a-CNx shows weaker a  band compared with a-C. It is because the introduction of the Nz gas 
induces multi-scattering of laser ablated carbon species between the graphite target and the substrate. 
Furthermore, nitrogen tend to bonds with sp^ hybridized carbon, thus the sp  ^ fraction is thought to be reduces. 
However, no peaks corresponding to the carbon-nitrogen bonds were found in these spectra, possibly due to 
the low nitrogen content, estimated at 17 % by EELS measurements.
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Higher nitiogen content (25 %) a-CNx films were deposited with higher laser fluence (12 J/cm^). The 
UPS measurements show new peaks, which can correspond to the bond between carbon and nitrogen atoms on 
these higher nitrogen content films as shown in Figure 8 .8 , and discussed later.
8.3 Joint density of states
8.3.1 Optical transmittance
UV-VIS-NIR optical transmittance measurements were used to evaluate the optical bandgap such as 
Tauc gap and E04. Films with the thickness of around 30 nm deposited on quartz substrates were used for these 
measurements. From the Tauc plot, Tauc optical bandgap (Eg) was obtained as shown to be -0.5 eV. Normally,
the region of with a value between 200-400 [cm'^ eV]^ "^  ^ is used for the linear fit. The intercept of the
fitted line and x axis is used as the Tauc gap.
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Figure 8.5: Tauc plot (a) The reason where Tauc gap is determined and (b) the whole plot o f the photon energy range
between 0.5-6.5 eV.
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The optical bandgaps are smaller than 1 eV for both a-C and a-CNx films. It is quite small, especially 
for a-C films with 70 % sp  ^ fraction. However, non-hydrogenated a-C deposited by sputtering show small 
optical band gaps (less than 1 eV) with high sp  ^ fiactions due to the stress induced sp^ to sp  ^ transition*^. a-C 
film is more absorbing than that o f a-CNx not only at the low energy region, but also at high energy.
8.3.2PDS
PDS is the measurement which can measure the absorption coefficient using the “mirage effect”*^ ’*’. A 
incident light excites electrons from the valence band to the conduction band, then the energy is converted to 
thermal energy at room temperature. The thermal gradient is created at the exposed spot, consequently the 
refractive index of gas or liquid close to the surface of the sample is modulated. It can be detected as a 
deflection of the probe laser beam passing close to the surface, within the thermal diffusion length.
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Figure 8 .6 : The fitting o f PDS signal to the absorption coefficient obtained from UV-VIS-NIR optical transmittance (a) a- 
C and (b) a-CN^. The line is the UV-VIS-NIR spectra and the dots are the PDS signal.
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A halogen lamp was used as a light source, and the incident light was focused onto the sample surface 
through a monochromatic meter (CIV LASER CM 110) and a mechanical chopper. The samples were dipped 
in the CCI4 and the refractive index fluctuation close to the exposed spot was detected using a semiconductor 
laser (LT015MF by Sharp) with a wavelength of 830 nm. The deflection of the probe laser was monitored with 
photo detection device (83931 by Hamamatsu photonics) with a lock-in-amplifier (SR830 by Stanford reseai'ch 
system).
The PDS signal was fitted w ith the absorption coefficient versus photon energy plot evaluated 
from  U V -V IS-N IR optical transm ittance as show n in Figure 8 .6 . PDS and optical transm ittance 
spectra are consistent in giving a bandgap less than  2 eV, which gives on that enhanced confidence in 
the data obtained by optical characterisation. This is com forting as h igh sp^ fraction films w ith high 
optical bandgap o f  up 3.6 eV have been deposited by filtered vacuum  cathodic arc (FVCA).*®
Norm ally, PDS is m ore sensitive than optical transm ittance at low  photon energies, however, 
PDS and U V -V IS-N IR  are consistent. The two optical bandgaps, Tauc and E 04 , have a  sim ilar values 
(see Chapter 7 and 8 ), w hich im plies that the Tauc optical bandgap can be used in  these PLD 
deposited carbon related m aterials even w hen the optical bandgaps are less than 1 eV. Since PDS is 
sensitive to low  energy region, it can gives the absorption coefficient in the low  energy region by 
fitting to the result o f  UV-VIS optical transm ittance, w hich can be used to obtain U rbach energy 
related to the degree o f  disorder. However, it is im possible to get the U rbach energy o f  these carbon 
film s since the absoiption coefficient p lo t does not show  the shoulder at low  energy region, less than 
0.5 eV, by the lim itation o f the set up (see Figure 8 .6 ).
8.4Resuits and Discussion
The effect of the nitrogen atom incorporation to the band structure should be consistent for all 
measurements, EELS, STS and UPS, which provide the shape of the conduction, close to the Fermi level and 
the valence band.
The shape of the EELS carbon K edge is different for a-C and a-CNx films, which correspond to the 
shape o f the conduction bands. a-CNx shows a larger 71* peak and it was found that the sp^ fr action increases 
with introducing the nitrogen into the film as the nitrogen tend to bond with sp^ hybridized carbon*^’"®. 
Nitrogen atom incorporation increases the width of 71* band, which induces a decrease of the bandgap which 
was obseived in STM measurements (see Figure 8.3 (c)).
The DOS close to the Fermi level can be obtained as a normalised conductance of the STS measurement. The 
nitrogen atom incorporation changes the steepness of the bottom of the conduction band in a^CNx in 
comparison to a-C, while the bandgap of a-C appeals to be larger than a-CNx. However, the Tauc gap is 
slightly increasesed (-0.2 eV) by the nitrogen atom incorporation as shown in Figure 8.5. This can be
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attributed to the long bandtail in a-C films. The high stress may induce a defect in the bandgap and the sharp 
peak at approximately 1.5 eV in a-C films might be attributed to the stress induced localized states (see Figure 
8.3c).
1.5
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Figure 8.7: dl/dV plot for estimating the bandgap.
The optical bandgap is normally narrower than the electrical gap, and the electrical gap is important 
when thean electrical application is considered. Arena et. al. obtained the gap using dl/dV plot of STS.^’^  It is 
defined as the intercepts of dl/dV at the valence and conduction band slopes in the region ±2eV away from the 
Fermi level. If this definition was used, the band gap is estimated around 2 eV as shown in Figure 7.7, and it is 
consistent with other reports If this band gap can represent to the electrical bandgap, the gap is thought to 
be associates with g -g *  bands and it is consistent with the simulation which shows n  and 7 t*  bands being 
highly localised.'
It was found that films with higher nitrogen content (25 % as determined by EELS measurements) 
deposited at higher laser fluences (12 J/cm^), exhibit additional contributions in the a-CNx UPS spectra 
compared with a-C, as shown in Figure 8.8. These contributions could be attributed to the nitrogenated 
graphitic clusters (~7 eV and ~10 eV) and the nitiogen lone pair states (~5 eV), in good agreement with the 
work of Souto et. al. who reported UPS measurements and simulation of non-hydrogenated a-CNx films 
(nitrogenated graphite clusters and P-CgN^).^ Peaks at ~8 eV and at less than 4 eV could be attributed to 
carbon g  and k  bands, respectively.
The UPS valence spectra do not show significant change for films containing 17 % nitrogen (laser 
fluence of 4 J/cm^), whereas the a-CNx film containing 25 % shows some CN peaks. The intensity o f the g  
band of a-CNx seems to be weaker than for a-C, and it can be attiibuted to a reduction of the sp  ^ hybridized
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carbon. Strong laser fluence might be thus be required to form the nitrogen lone pair bond as obtained for the 
sample containing 25 % of nitrogen with a laser fluence o f 12 J/cm^. In this case, the change to the band 
structure seems to occur more than 3 eV below the Fermi energy. However, the band edge of a-CNx does not 
appear to be affected by the nitrogen incorporation o f 17%.
c3
-2
y /  Graphitic CN
N lone pair
15 10 5 0 ■5
^ ^  Graphitic CN
pairn i  /N Io n e
Binding energy [eV]
ID 5 0
B ind ing e n e rg y  [eV]
-5
Figure 7.8: The UPS valence spectra (a) a-C, (b) a-C after Ar sputtering, (c) a-CNx with the laser energy 12 J/ciif and 20 
mTorr o f Nitrogen and (d) a-CNx ^ 6 / ' Ar^ sputtering. The sputtering was performed at 5 keV, for 1  minute.
Considering the fact that this material has an electrical band which corresponds to a  and a* bands, the 
Poole-Frenkel conduction which is reported as an electrical conduction at high electric fields^^ seems to occur 
at the bottom of the G* band. Then, the neutral trapping centres which provide electrons at the bottom of the 
conduction band under a high electric field, should exist below it. The sp  ^ clusters could be the origin of the 
neutral trapping centi'es. Then, the neutral trapping centre, located around 0.2-0.4 eV below the bottom of tire 
conduction band will be at the top of the bands. It is consistent with the simulation* of % and 7t* bands that 
are localised and the highly mixed C-N bonds created in a-CNx as hypothesised by Silva et al.'"
The presence of the long tail agrees with the conduction mechanism at low fields such as bandtail 
hopping. Again the sp^ clusters work as a hopping centres. The expected band structure and the position 
corresponding to the two conduction mechanism, the bandtail hopping at low fields and Poole-Frenkel 
conduction at high fields are illustrated in Figure 8.9. If  the electrical band is at least around 2 eV as evaluated
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by STS, the conduction band can be attributed to the a* band. After nitrogen incorporation, still there are the n  
and 71* bands which remain as localised states, and the a  and a* bands which act as the conduction bands. 
Thus, the reported conduction mechanism in a-CNx films, the bandtail hopping and Poole-Frenkel conduction, 
are thought to occur similar to the a-C case.
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Figure 8.9: Schematic diagram on the model o f the band structure for PLD (a) a-C and (b) a-CNx film, (c) Conduction
mechanism at low and high fields.
A resonance tunnelling diode with PLD a-C was fabricated and showed the negative differential 
conductance.^^ The thickness of such devices are quite thin, and therefore high electric fields can be applied to 
these devices routinely. In such high fields, the conduction mechanism seems to be Poole-Frenkel conduction 
via the conduction band. In such a condition, PLD a-C seems to work as an electric material even if  it has a 
long bandtails. Therefore, the electric devices which can apply high electric fields easily, such as resonance 
tunnelling diodes or short channel TFTs could be a good candidate of a-C electronic devices.
8.5 a-C three terminal devices
There are several reports of a-C three terminal devices (MIS-FET, TFT)^^’^ .^ They have all shown 
preliminary field effect data with low mobility. We hope to try and improve on the reported characteristics by 
carefully designing our device structures.
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8.5.1 The fabrication process of the electrodes
A mask of inter-digitated electrodes for positive photoresist transfer was designed with gap length of 2.5, 5.0, 
10.0 and 20.0 pm and the gap width is 1 cm. The schematic diagram of the interdegitate structure on the mask 
with 20.0 pm gap is illustrated in Figure 8.10.
+
Figure 8.10: Inter-digitated structure on the designed mask.
The ratio of the width and the length (W/L) are 4000, 2000, 1000 and 500 for 2.5, 5.0, 10.0 and 20.0 
pm gap structures, respectively. These high W/L interdigitate structures are designed for low mobility 
materials. As a three terminal structure, highly doped p^  ^c-Si substrates were used as a bottom gate with a 200 
nm thick thermal oxide, which was bought from Si-Mat Ltd. [Silicon Materials (raehmer@si-mat.com)]. The 
interdigitated electrodes were fabricated using a UV-photolithography process, with 30 nm DC sputtered Au 
above Inm thick Cr adhesion layer. Iodine and potassium iodide based etchants were used for patterning the 
electrodes. The cross section of the electrode is illustrated in Figure 10.2.
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Figure 8.11: The schematic diagram o f bottom gate and the electrodes for three terminal devices 
(D is the drain, S is the source and G is the gate).
10 nm thick a-C films were deposited with a laser fluence of 4 J/cm^ on the substrates, and the edge of 
the substrates covered by a shadow mask to avoid any electrical shorts between source (S) or drain (D) and the 
gate (G),
8.5.2 Characteristics of the three terminal devices
The three terminal devices were measured by a HP4142B, DC parametric measurement instrument. 
Devices were measured in a dark room. All samples with large separation between the source and the drain do 
not show clear field effect, therefore all output characteristics were measured using a smallest gap pf 2.5 pm.
8.5.2.1 a-C TFT
Figure 8.12 shows the gate leakage and the drain-source current (Ids) o f  an a-C three terminal device, 
which was deposited with laser fluence of 4 J/cm^. The leakage current is at least two orders lower than Ids at 
high fields, thus in this region leakage can be ignored.
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Figure 8.12: The gate leakage and the source drain current o f a three terminal device with the gate voltage of-60V.
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The electrical transport mechanism with the coplanar electrode was Poole-Frenkel like conduction as 
discussed in Chapter 6. Here, the conduction seems to be based on the Poole-Frenkel model as shown in Figure 
8.13 at high electric fields.
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Figure 8.13: The square root dependence o f In I at Vq=OV with an a-C three terminal device.
This device shows p-channel depletion like output characteristics as shown in Figure 8.14, which is 
consistent with previous reports.^^’^*^ Since a-C has a defect band below Fermi level, bandtail hopping occurs 
through these defects, and the Fermi level is modulated by the applied gate voltage. The conduction due to 
Poole-Frenkel at high fields allows the current through the film, and therefore it is thought to be depletion like 
behaviour.
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Figure 8.14: The output characteristics o f a-C TFT.
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The transfer characteristics were evaluated from the output characteristics and shown in Figure 8,15. 
The transconductance (gm) was evaluated from this figure with negative and positive gate voltage (Vq), and the 
value were; 7.9x10'^ [S] (Ids=-50V, Vq: 0-60 V), -3.7x10"^ [S] (Ids=-50V, Vo: 0 -6 0  V), 3.2x10'^ [S] (1ds=- 
24V, Vo: 0-60 V) and 1.2x10'^ [S] (Ids=-24V, Vo: 0 -6 0  V).
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Figure 8.15: The transfer characteristics o f a-C TFT.
If the standard equation o f transfer characteristics for ideal MOS-FET is applicable, the transconductance (gm) 
can be described by Equation 8.1.
W
' y D [8.1]
Va^const
Here, W is the width and L is the length of the gap, respectively. is the field effect mobility, C,. is the
capacitance per unit area which corresponds to 17nF/cm^.
This equation assumes several assumptions. Firstly, the MOS structure is ideal, thus the leakage 
current through gate is assumed to be zero, and the channel is created adjacent to the oxide. Furthermore, the 
IsD modulation is due to the channel and the metal-semiconductor contact is assumed to be ohmic. In this a-C 
TFT structure, mainly the high electric field region is discussed since the gate leakage current is 2-3 order 
smaller than the Isd- In this region, the conduction mechanism seems to be Poole-Frenkel conduction, which is 
bulk limited, not contact limited. Therefore, this equation can be used to evaluate mobilities to compare with 
the other reported field effect mobility of a-C.
Then the mobilities are 0.02 [cmW s] (gm=7.9xl0*^ [S]), 0.01 [cmW s] (gm=3.7xl0'^ [S]) for Ids=50 
V, whereas 0.02 [cmW s] (gm=3.2xlO-^ [S]), 0.7x10'^ [cm W s] (gm=1.2xlO'® [S]> for Ids=50 V. These values 
are much higher than the other reports which are up to ~10'^ [cmW s]. However, previously reported a-C TFT
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were found to work with smaller electric fields (for instance, up to 50 V between source-drain with 20 pm: 
2.5x10^ W/cm)}^
This mobility is of a higher value compared with other reports. However, it must be noted that the 
Poole-Frenkel conduction occurs at the bottom of the conduction band at high fields. Thus, the mobility should 
be higher than the other conduction mechanisms such as bandtail hopping conduction^^. Previously in Chapter 
6, the mobility was estimated from the Poole-Frenkel conduction, and estimated to give a mobility at the 
bottom of the conduction band of 10'  ^ cm^/V s for an assumed density of the neutral trapping centres of <10^* 
cm'^. The mobility value seem to be consistent with the analysis of the Poole-Frenkel conduction.
8.S.2.2 a-CNx TFT
Figure 8.16 shows the gate leakage and the drain-source current (Ids) of an a-CNx three terminal 
device, which was deposited with laser fluence of 4 J/cm^ at 20 mTorr nitrogen back pressure. The leakage 
current is at least two orders lower than Ids at high fields, thus in this region leakage can be ignored.
DS
G ate leakage
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Figure 8.16: The gate leakage and the source drain current o f an a-CNx three terminal device with the gate voltage o f  -
60 V.
The electrical transport mechanism with the coplanar electrode was Poole-Frenkel like conduction as 
discussed in Chapter 6. Here, the conduction seems to also follow the Poole-Frenkel model as shown in Figure 
8.17.
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Figure 8.17; The square root dependence o f In I at Va=OV with an a-CNx three terminal device.
This device shows p-channel depletion like output characteristics as shown in Figure 8.14, which is 
consistent with the previous reports.^^’^  ^This is contradictory for former reports which says a-CN* is on n-type 
channel semiconductor^ . However, the electric field is much bigger in this study. Therefore, the p/n type 
associated with bandtail hopping might not be treated at these high field strength.
V =-60V6.0x10 V =-30V
Vo=OV
2.4.0x10"* V=30VVg=60V
2.0x10
-60 -40
Figure 8.18: The output characteristics o f a-CNx TFT.
The transfer characteristics were evaluated from the output characteristics and shown in Figure 8.19. 
The transconductance (gm) was evaluated from this figure with two source-drain voltages (V sd); 3 .3 x 10"^ [S] 
(V g= -50V ) and 1.3x10"^ [S] (V g= -24V ).
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Figure 8.19: The ti'ansfer characteristics o f a-CNx TFT.
The mobility was evaluated following equation [8.1]. Value for the mobility of 0.01 [ c m W s ]  (V ds= -  
50V) and 0.8x10'^ [cmW s] (V ds= -2 4 V ) were calculated. The reason of these values which are higher than the 
other reports^^ may be explained using the discussion in the previous section. Mobility of a-CNx is smaller than 
a-C. As nitrogen works as a shallow donor^, it might improve the mobility of a-CNx when the transport 
mechanism is in the bandtail hopping phase, and not at the extended states edge. However, it might not 
improve the mobility at the edge of the extended states.
8.6 Conclusion
The band structure of a-C and the effect of nitiogen incorporation were studied using STS, UPS and EELS. 
The results are consistent with the optical ti ansmittance and PDS measurement. The origin of the properties of 
a-C with high sp  ^ haction and the low optical bandgap is attributed to a long bandtail. The band structure 
suggests that a-C is slightly p-type doped due to the presence o f the defects, and, the niti ogen incorporation 
seems to induce n-type donor behavior. The effect of nitiogen to the valence band was detected using UPS 
spectra. For high nitrogen contents, peaks corresponding to C-N bonding were obseiwed. However, the 
modifications to the band sti'ucture only appear beyond 3 eV ft’om the Feimi energy. The conduction band 
seems to be affected by nitiogen incorporation due to the increase of the sp^ fraction.
A model for PLD a-C and a-CNx films, which satisfy the reported electiical conduction mechanism at 
low fields and high fields is hypothesised. The conduction mechanism at high fields seems to be Poole-Frenkel 
based. The neufral frapping centres seem to be located at the top of the bands, and, the hopping sites seems
144
 _____ ___ ______ Band structure modification o f PLD a-C induced by nitrogen incorporation
to be at the long tail in the bandgap. For device applications, structures which can apply high electric fields can 
allow for the realization of high performance a-C devices.
Following the analysis of the band structure, a three terminal device was fabricated using PLD a-C and 
the corresponding weak field effect was observed at high fields between the source and the drain contacts. The 
device output characteristics shows p-channel depletion type behaviour at high fields, which can be explained 
by the gate bias modulation for the Poole-Frenkel effect via the electric fields. This field effect could be 
applied for future devices with reduced source-drain separations. The conduction mechanism at high field is 
bulk limited (Poole-Frenkel), and therefore the contacts do not affect the measured field effect.
The estimated mobility from the transfer characteristic was up to 2.0x10'^ (cm^/Vs) and the channel 
type was p, which is consistent with the analysis of the Poole-Frenkel model. The order of the mobility is at 
least two orders higher than other reports, since the conduction is at the bottom of the conduction band. It 
indicates that if the extended states df a-C can be used for electrical transport, higher mobility devices can be 
designed. This is a veiy important discovery from the applications point of view and could help introduce 
many new large area electronic devices based on a-C.
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Chapter 9
Conclusions and suggestions for future work
The main aim of this PhD has been to investigate the electrical properties of a-C and a-CNx films. Two growth 
methods were used, one is PECVD and the other is PLD. Since PECVD is highly dependent and affected by 
the hydrogen condition in the deposition chamber, it seems appropriate to examine a process that was 
independent of this. Thus, the PLD a-C films were mainly investigated as it can control sp^ fi actions within a 
wide range. Furthermore, it is possible to incorporate hydrogen or nitiogen into the films if these gases are 
introduced into the deposition chamber in a controlled manner.
9.1 PLD a-C
The band structure of a-C consists of tt, tc* ,  a  and a* bands. These bands were measured with several 
techniques, such as EELS, STS, XPS and UPS. The Joint density of states is also obseiwed using optical 
transmittance, SE and PDS. In a-C (ta-C) films, which are deposited in vacuum, it was found that the stress 
induced localized states create long bandtails. Therefore, high sp  ^fr action films showing small optical bandgap 
< 1 eV resulted. In such a case, the optical bandgap is not a suitable parameter to be used as a qualifying 
component in the design of electronic devices. A dl/dV plot on STS is thought to be a good solution as it gives 
similar value (2 eV) to other reports.
The electrical characterisations show two types of conduction mechanism, one is bandtail hopping at 
low fields, and the other is Poole-Frenkel conduction tlirough the bottom of the conduction band at high fields. 
The activation energy was evaluated assuming an Arrhenius relationship. It indicates that the bandtail hopping 
appears to occur above sub eVs fr om the Fermi level, and the neutral trapping centres contributing the Poole- 
Frenkel conduction. These states reside close to the bottom of tlie conduction band.
UV PLA increases the conductivity with increase of the laser energy density, without introducing sp" 
clustering at first. Then sp^ clustering occurs with a slight reduction in the conductivity. These samples show 
Poole-Frenkel conduction at high electric fields. It can be explained by the thermal induced sp  ^to sp“ transition, 
without sp^ clustering. Therefore, the sp^ clusters are thought to contributed as the hopping centres and neutial 
trapping centres. This fact suports the above analysis and tends frither support to bandtail hopping being 
conducted within and close to the bottom of the band, which is attributed to disordered small sp" clusters.
The position of the neutral trapping centres in the band diagram is thought to be at the top of the it* 
band, using the bandgap evaluated by the dl/dV plot on STS. This way overlap mixed hybridised C-N 
extended states. Then the conduction band can be attributed to be o* bonded. Thus, it was shown that the
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electrical conduction of PLD a-C is governed by the disordered sp^ clusters, which contribute both at low and 
high fields, via the bandtail hopping and the Poole-Frenkel conduction process.
According to the three terminal measurement, the channel type seems to be p-type, at the extended 
states when high field is applied.
9.2 PLD a-CNx
The nitrogen atom s incorporation and its effect were m easured by several techniques. The 
incorporation o f  nitrogen atoms m odify the band structure such as new  peaks in  valence band and 
broadening o f  71* band w ith increasing sp^ fraction. The DOS close to the Fermi level is m odified as 
nitrogen atoms incorporate as a weak n-type donor.
The nitrogen pressure affects to the properties o f  a-CNx and w as found to reduce the stress in 
the PLD deposited films. W hen nitrogen is introduced during PLD, the pressure does not change the 
nitrogen content o f  the films i f  the num ber o f  collisions betw een ablated carbon species and N% 
m olecules exceed a certain num ber during its transition from  graphite target to the substrate. Due to 
the m ultiple scattering o f  certain species by N 2 molecules, the transport m echanism  o f  carbon ions 
and atoms becomes diffusive. Therefore the incident velocity at the substrate is reduced. This reduces 
the stress o f the films, and as a  consequence the band tail in the bandgap is reduced.
The electrical conduction m echanism  seem s to be again dom inated by the bandtail hopping 
and the Poole-Frenkel conduction, at low  and high electric fields respectively. Thus, the hopping sites 
and the neutral trapping centres seem  to be associated w ith sp^ clusters. However, the conductivity 
decreases with increasing the N 2 pressure. This can be attributed to the reduction o f  the num ber o f  the 
trapping centres, since the stress is reduced by the increase o f  the N 2 pressure. The I(D)/I(G) o f 
Ram an and sp^ fraction are m aintained w ith increasing the N 2 pressure, which indicates that the 
m icrostm cture o f  the film  such as the size o f  the sp^ clusters does not vary. It could be that the films 
become less dense and the m orphology becomes m ore granulose at high, then the links betw een sp^ 
clusters m ight be reduced w ith increasing N 2 pressure.
According to the three tenninal m easurem ents, the channel seems to be p-type. It is because, 
the conduction seems to occur at the edge o f  the extended states, and therefore the channel type could 
be different from  the transport based on bandtail hopping.
In this thesis w e report the highest field effect m obility o f  a-C and a-CNx films ever reported 
in the literature o f  0.01-0.02 cm^/Vs. This m obility is obtained due to the very high electric field that 
can be applied to our devices.
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9.3 Suggestions for the future work
The electrical conduction o f  a-C and a-CNx seem s to be governed by the sp^ clusters and the 
stress induced localized states. Therefore, the conduction occuis through bandtail hopping at low 
fields. In such low  fields, the extended states do not contribute to the conduction.
Thus, for the electrical conduction to occur thi’ough the extended states, a  high electric field is 
required. Actually, the thickness o f  the reported resonant tunnelling device is approxim ately 10-20 
nm. In such a thickness range, a  very high field can be applied. Thus, one solution for fabricating a-C 
based devices is to fabricate th in  film  devices such as resonant tunnelling diode and short channel 
th in  film  transistors (TFTs).
A nother route w ill be to rem ove the bandtail in the gap. Hydrogen passivation m ight w ork for 
this. Then, the current passing through the bandtail at low  fields can be rem oved. The annealing or 
PLD deposition in  H 2 atm ospheres could realise devices w ith suitable hydrogen passivation.
Finally, the photocuiTent m ight im prove the conduction through a delocalized band. There is a 
possibility these devices w ill w ork under h igh energy U V  light, particularly at h igh electric fields as a 
photo transistor.
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